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ABSTRACT 


Rogers,    William  A.,    MSCE,    Purdue    University,    January, 
1968.       A    STUDY   OF   THE    BEHAVIOR    OF    REINFORCED    CONCRETE    BEAMS 
SUBJECTED   TO  REPEATED    LOADS.       Major    Professors: 
M.    J.    Gutzwiller   and   R.    H.    Lee. 


Sixteen   beams   of    6"    x    13"    rectangular   cross-section   were 
subjected   to   repeated    loading   in    such  a    manner   as   to   simulate 
a    portion    of    a   continuous    girder    subjected    to  concentrated 
loads.      The   beams   were   designed    so  that   the   critical    region 
for   failure  with   respect   to    shear  was    the    length  between   the 
point    of    zero   moment   and   the    point    of   maximum  negative   mom- 
ent   —   commonly   called   the    shear    span. 

The   objective   of   this    study  was   to  observe   the   behavior 
of   beams    of   different    shear    span-to-depth   ratio  with   varying 
amounts    of   web   reinforcement.      The   magnitude   of   the    repeated 
load   was   taken   as    a    percentage    of   the   predicted    ultimate    load 
and   was    varied   to  determine   the    effect    on    the   behavior    of 
the    specimens. 

The   specimens,    which  were  weak  with   respect   to   shear, 
failed    in    one   of    three    modes:       shear-compression,    diagonal 
tension,    or   brittle    fracture   of   the    reinforcement.       It   was 
found    that    the    fatigue    life    of   the   member    increased   when   the 
magnitude    of   the    repeated    load   was    reduced.      The    presence    of 
stirrups   was   observed   to    increase   the   endurance   of   a    member 


when  compared  to  the  behavior  of  a  similar  specimen  without 
web  reinforcement. 

Detailed  discussion  of  the  failure  patterns  and  indiv- 
idual beam  behavior  are  presented  along  with  the  summary  of 
test  results. 


INTRODUCTION 

Reinforced  concrete  has  been,  and  continues  to  be,  the 
subject  of  extensive  experimental  and  analytical  research. 
The  nonhomogeneous  nature  of  concrete  reauires  extensive 
experimental  corroboration  of  analytical  studies  of  the 
behavior  of  concrete  members  subjected  to  load.   The  results 
of  previous  investigations  have  provided  a  reasonable  under- 
standing of  the  modes  of  failure  and  ultimate  strength  of 
reinforced  concrete  members  subjected  to  pure  flexure,  com- 
bined flexure  and  axial  load,  and  axial  compression. 

There  have  been  numerous  investigations  to  determine 
the  strength  of  reinforced  concrete  members  under  nearly  all 
types  of  loading  situations.   However,  a  majority  of  the 
testing  of  reinforced  concrete  members  has  been  done  with 
the  use  of  the  laboratory  testing  machine  for  short-time 
loading  or  with  sustained  loading.   Both  of  these  types  of 
loading  can  be  characterized  as  monoton ica lly  increasing  in 
nature  and  represent  the  case  of  static  loading.   It  is  upon 
these  loading  situations  that  current  design  practice  is 
predicted  with  appropriate  factors  of  uncertainty  included 
for  insurance  against  failure. 

Investigations  using  repeated  loading  have  been  conducted 
since  the  early  1900 ' s  to  examine  the  behavior  of  plain  and 


reinforced  concrete  when  subjected  to  fatigue  (repeated) 
loadings.   However,  a  review  of  the  literature  reporting 
the  experimental  work  with  repeated  loadings  suggests  that 
there  is  much  to  be  learned  if  engineers  are  to  have  a  rea- 
sonably reliable  basis  for  executing  economical  designs. 

As  the  methods  of  design  and  analysis  of  reinforced 
concrete  structures  become  more  precise  for  reasons  of 
economy  and  safety,  the  need  for  more  information  concerning 
the  performance  of  reinforced  concrete  members  under  various 
loading  criteria  has  increased  significance. 

The  behavior  of  reinforced  concrete  members  that  are 
weak  with  respect  to  shear  has  been  the  subject  of  intensive 
investigation  in  the  past  decade.   However,  most  of  the  re- 
search work  has  been  conducted  using  static  loading.   This 
fact  suggests  that  a  study  of  reinforced  concrete  members 
which  are  weak  in  shear  and  are  subjected  to  repetitive  loads 
would  be  useful  addition  to  the  knowledge  of  reinforced 
concrete . 

In  order  to  define  the  conditions  under  which  the 
strength  of  a  reinforced  concrete  member  will  be  governed  by 
shear,  one  might  consider  the  case  of  a  simply-supported  beam 
that  is  subjected  to  two  equal  loads  which  are  symmetrically 
placed  with  respect  to  the  center  of  the  span.   At  the  present 
it  will  be  assumed  that  these  loads  are  static.   When  the 
loads  are  positioned  near  the  center  of  the  span,  the  beam 
has  a  large  shear  span  to  depth  ratio  (i.e.,  the  length  of 
the  span  from  the  reaction  to  the  load,  which  is  referred  to 


as  the  shear  span,  is  great),  and  the  effect  of  shear  on  the 
ultimate  strength  of  the  beam  is  negligibly  small.   The 
failure  mode  for  this  situation  will  be  that  of  flexure  with 
either  the  crushing  of  the  concrete  or  the  initial  yielding 
of  the  tensile  reinforcement  followed  by  crushing  of  the  con- 
crete.  This  condition  of  loading  approximates  the  case  of 
pure  flexure  for  which  an  accurate  prediction  of  the  ultimate 
load  can  be  made. 

When  the  two  equal  loads  are  moved  toward  the  supports, 
the  shear  span  to  depth  ratio  is  decreased,  and  the  influence 
of  shear  becomes  aoparent.   At  the  first  application  of  load 
flexural  cracks  will  form  as  in  the  case  of  pure  flexure. 
However,  as  the  load  is  increased,  the  flexural  cracks  will 
begin  to  incline  toward  the  load.   This  observed  inclination 
of  the  typically  vertical  flexural  cracks  can  be  explained 
by  the  combination  of  shearing  stresses  and  tensile  bending 
stresses  which  produce  a  principal  tension  acting  at  an  inclin- 
ation  of  approximately  45   near  the  neutral  axis  and  nearly 
horizontal  at  the  bottom  of  the  beam.   There  may  also  be  an 
independent  formation  of  diagonal  tension  cracks  near  the 
neutral  axis.   Once  the  diagonal  tension  crack  has  formed, 
there  are  two  typical  modes  of  behavior  which  have  been 
observed.   One  mode  is  that  the  diagonal  tension  crack,  once 
formed,  will  proDagate  immediately,  or  with  a  slight  increase 
in  load,  cross  the  entire  cross-section  from  the  tensile  re- 
inforcement to  the  compression  face,  split  it  into  two  sep- 
arate pieces  and  thus  fail  the  beam.   This  type  of  failure 


is  referred  to  as  a  diagonal  tension  failure  and  occurs 
suddenly  and  without  warning,  and  is  most  frequently  observed 
in  beams  with  moderate  shear  span  to  depth  ratios  (i.e., 
ratios  from  approximately  3.4  to  6).   The  alternate  mode  is 
that  the  diagonal  tension  crack,  once  formed,  will  propagate 
and  partially  penetrate  the  compression  zone.   The  beam  will 
then  fail  ultimately  by  crushing  of  the  concrete.   This  type 
of  failure  is  referred  to  as  a  shear  compression  failure, 
and  is  usually  observed  in  beams  with  smaller  shear  span  to 
depth  ratios  (i.e.,  ratios  less  than  approximately  3.4).   There 
is  no  sudden  collaose  as  in  the  case  of  a  diagonal  tension 
failure,  and  the  ultimate  load  is  usually  significantly  higher 
than  the  load  at  which  the  diagonal  tension  crack,  first 
occurs . 

One  may  conclude  in  a  qualitative  manner  that  shear 
affects  the  behavior  of  beams  through  the  formation  of  diag- 
onal tension  cracks.   In  some  instances,  the  formation  of  a 
diagonal  tension  crack  may  result  in  concurrent  failure  of 
the  beam.   However,  there  are  situations  where  shear  is  not 
an  important  consideration  since  a  beam  may  fail  before  the 
load  level  ever  causes  the  formation  of  a  diagonal  tension 
crack.   Therefore,  shear  will  not  affect  the  ultimate  strength 
of  a  member  if  a  diagonal  tension  crack  does  not  form  before 
the  ultimate  load  is  reached. 

The  formation  of  a  critical  diagonal  tension  crack  is 
accompanied  by  an  internal  redistribution  of  stresses  within 
a  beam.   Shear  stresses  cannot  be  transferred  along  the  crack* 


therefore,  the  longitudinal  reinforcement  must  transfer  some 
of  the  shear  force  by  dowel  action  while  the  uncracked 
concrete  cross-section  must  resist  the  remainder.   Until  the 
formation  of  the  diagonal  crack,  the  stress  in  the  longi- 
tudinal steel  and  in  the  concrete  is  proportional  to  the 
moment  in  the  beam. 

Figure  la  shows  a  beam  without  web  reinforcement  in 
which  a  diagonal  tension  crack  has  formed.   The  shear  and 
moment  diagrams  are  shown  in  Figure  lb.   The  free  body  of  a 
portion  of  the  beam  outside  of  the  crack  is  shown  in  Figure 
lc.   After  the  formation  of  the  diagonal  tension  crack,  the 
area  of  the  concrete  above  the  crack  is  assumed  to  resist 
the  entire  shear  force  at  the  weakened  section.   This  assump- 
tion is  reasonably  valid  as  the  transfer  of  the  shear  force 
by  dowel  action  of  the  longitudinal  reinforcement  is  small. 
The  remaining  forces  acting  on  the  free  body  are  the  tensile 
force  in  the  steel  (T) ,  the  compression  force  on  the  concrete 
(C'),  and  the  reaction  (R) . 

When  the  forces  in  Figure  lc  are  in  equilibrium,  the 
summation  of  moments  about  the  centroid  of  compression  in 
the  uncracked  portion  of  the  beam  (section  b-b)  shows  that 
the  steel  at  section  a -a  must  carry  an  increased  tension  be- 
cause of  the  diagonal  crack.   At  first  there  is  probably  some 
dowel  action  at  section  a -a ,  but  as  the  crack  increases  in 
width  and  rotation  tends  to  concentrate  about  the  reduced 
section,  the  dowel  forces  are  greatly  increased  and  soon 
destroyed  through  additional  cracking  along  the  steel.   The 
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FIGURE   I.  REDISTRIBUTION    OF    INTERNAL   STRESSES 


ability  of  a  beam  to  reach  a  force  equilibrium  after  the 
redistribution  of  forces  seems  to  depend  primarily  on  the 
stability  of  the  compression  zone,  but  it  is  also  influenced 
by  the  length  of  the  shear  span  and  the  percentage  of  long- 
itudinal reinforcement. 

Many  specimens  tested  in  the  course  of  shear  investi- 
gations have  failed  in  the  shear-compression  mode  at  loads 
which  were  twice  the  load  that  caused  the  original  diagonal 
crack.   However,  there  were  a  number  of  specimens  that  failed 
simultaneously  with  the  formation  of  the  diagonal  tension 
crack.   A?  a  result,  the  diagonal  cracking  load  is  taken  as 
the  ultimate  load  for  a  beam  without  web  reinforcement.   Web 
reinforcement  has  little  or  no  effect  on  the  behavior  of  a 
beam  pri^r  to  diagonal  cracking.   Experimental  measurements 
have  shown  that  the  stress  in  the  stirrups  is  negligible  be- 
fore the  formation  of  the  diagonal  crack.   Once  the  diagonal 
crack  has  formed,  the  stirrups  which  are  crossed  by  the  crack 
help  resist  the  shear  force  originally  carried  by  the  un- 
cracked  concrete  cross  section.   With  increases  in  the  load, 
the  stirrups  crossed  by  the  crack  a  re  stressed  in  proportion 
to  the  additional  load. 

Two  benefits  of  shear  reinforcement  in  addition  to 
carrying  the  load  are:   (1)  The  stirrups  help  restrict  the 
growth  of  diagonal  cracks  and  reduce  penetration  of  the 
cracks  into  the  compression  zone.   (2)  The  stirrups  provide 
restraint  against  splitting  along  the  longitudinal  steel  by 
tying  the  reinforcement  to  the  mass  of  the  concrete  beam. 


With  the  use  of  shear  reinforcement  the  undesirable  sudden 
failure  which  is  characteristic  of  diagonal  tension  failures 
can  usually  be  converted  to  the  flexure  mode  or  to  a  mode 
associated  with  the  yield  of  the  stirrups.   Because  of  the 
erratic  behavior  of  the  diagonal  crack  after  it  has  formed, 
purely  analytical  predictions  are  not  reliable.   However, 
present  design  concepts  have  evolved  through  a  combination 
of  rational  analysis,  test  evidence  and  experience. 

Development  of  Design  Procedures 
The  problem  of  designing  reinforced  concrete  members 
to  resist  shear  forces  arises  from  the  fact  that  concrete 
has  a  relatively  low  tensile  strength  in  comparison  to  its 
compressive  strength.   Consider  a  simple  beam  subjected  to 
loads.   The  only  stresses  actincr  at  the  neutral  axis  are 
shear  stresses.   However,  these  shear  stresses  can  be  resolved 
into  two  pairs  of  principal  stresses;  one  of  the  pairs  is 
compressive  while  the  other  is  tensile.   At  other  depths 
in  the  beam  there  may  be  either  normal  compressive  or  tensile 
stresses  actincr  together  with  shear  stresses.   In  these 
areas  there  is  a  problem  of  combined  stresses  acting,  which 
produces  a  situation  of  principal  stresses  that  are  tensile 
and  compressive  in  nature.   Thus,  for  a  simple  flexural  mem- 
ber there  exist  trajectories  along  which  the  principal  stresses 
are  tensile  and  compressive.   These  tensile  stresses,  which 
exist  in  all  parts  of  a  beam,  are  known  as  diagonal  tension 
stresses,  and  may  be  critical  at  other  depths  of  the  beam 
rather  than  at  the  extreme  surface. 


In  order  to  develop  a  criterion  for  design  early  investi- 
gators used  as  a  measure  of  the  diagonal  tension  a  nominal 
unit  shear  stress  derived  on  the  basis  that  the  concrete 

below  the  neutral  axis  carries  no  tension.   This  criterion  was 

"  (10) * 

originally  suggested  by  E.  Morsch  of  Germany      ,  and  recog- 
nizes that  the  problem  of  shear  in  reinforced  concrete  mem- 
bers is  a  problem  of  combined  stresses.   The  expression  pro- 
posed  by  Morsch  is  derived  as  follows.   Figure  2a  illustrates 
a  simple  beam  which  is  subjected  to  concentrated  loads  and 
has  constant  shear.   Consider  an  infinitesimal  length  Ax  of 
the  beam,  subjected  to  a  constant  shear  V  and  moments  M  and 
M  +  Am,   Summation  of  moments  about  point  A  in  Figure  2b 
must  be  equal  to  zero;  therefore 

At  jd  =  vA  x 
or 

At  =  vAx 

Summation   of   horizontal   forces    in    Figure    2c   must    also  be 
equal    to    zero;    therefore 

AT    =    vb(Ax) 

Equating  these   two  values    for   At    gives: 


Superscripted    numbers    in    parentheses    refer   to    items    in   the 
Bibliography. 
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The  derivation  assumes  that  the  unit  shear  stress  is  dis- 
tributed parabolically  in  the  compression  zone  and  is  constant 
below  the  neutral  axis  as  shown  in  Figure  2d.   This  is  only 
a  nominal  or  average  shear  stress,  based  on  the  assumption 
that  concrete  carries  no  tensile  bending  stress.   The  actual 
distribution  of  these  shear  stresses  over  the  cross-section 
is  unknown.   This  derivation  ignores  the  influence  of  the 
reinforcement,  the  inelastic  behavior  of  concrete,  and  the 

shear  concentrations  at  moment  cracks. 

ii 

Morsch's    expression   has   been    used    almost    universally   as 

a    measure    of   diagonal  tension   for   a   basis   to  design    for 
shear.      An   allowable   value    for   this    nominal   shear    stress    is 
then    specified.      Most   American   design   codes   have   designated 
the   allowable    shearing   stress    as    a    percentage    of  the   concrete 

cylinder    strength  with   a    maximum   upper    limit    for   members 

(4) 
without    web    reinforcement.       The    current    ASSHO   specifications 

(1965)    allow   a    nominal    unit    shear    of    0.03    f '    with   a    maximum 

c 

of  90  psi.   The  1963  ACI  Building  Code(3)  redefined  the 
nominal  shear  stress  as: 

v  -  &  (2, 

This    action  was    in    accordance    with   recommendations    made   by 
a    joint   ASCE-ACI   Committee    326'     '    on    shear   and    diagonal   ten- 
sion.     The    committee    felt    that    the    load    which    produced    the 
first   diagonal   tension   crack    should    be    taken    as    the    limiting 
value    for   beams    without   web    reinforcement.      They    recognized 
that   the    load    capacity   of   a    reinforced   concrete   member  was    a 
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function  of  the  concrete  cylinder  strength  (f),  the  moment 
to  shear  ratio  (M/Vd),  and  the  percentage  of  longitudinal 
steel  (p)r  but  it  was  realized  that  the  relationship  would 
have  to  be  empirical  based  on  the  data  from  laboratory  tests, 
Thus,  for  the  case  of  beams  without  web  reinforcement  the 
expression  for  the  cracking  load  is 


p  Vd 


vc  =  id  =  1-9  V^T+  25°°  V2-  -  3-5  ^Iz^  (3) 

The  allowable  stress  for  working  stress  design  is  approxi- 
mately one-half  the  stress  given  by  Equation  3.   The  allow- 
able stress  for  ultimate  strength  design  is  that  of  Equation 
3  with  some  reduction  by  load  factors  and  factors  of 
uncerta  inty . 

In  design  situations  where  the  allowable  stress  is 
exceeded  some  type  of  web  reinforcement  is  required.   With 
the  opening  of  a  diagonal  crack,  the  shear  reinforcement  acts 
in  tension  to  carry  load  from  one  side  of  the  crack  to  the 
other.   The  design  criteria  for  web  reinforcement  is  derived 
from  the  "truss  analogy,"  which  relates  the  behavior  of  the 
reinforced  concrete  member  to  that  of  a  Warren  truss.   The 
stirrups  are  considered  to  ac£  as  tension  diagonals  while 
the  concrete  is  assumed  to  act  as  compression  diagonals  and 
top  chord,  and  the  longitudinal  steel  to  act  as  the  bottom 
chord.   It  is  also  assumed  that  there  is  a  diagonal  tension 
crack  extending  to  a  depth  jd  above  the  tension  steel. 
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FIGURE  3.   THE  TRUSS  ANALOGY 

The  strength  of  a  beam  with  web  reinforcement  is  derived 
using  the  truss  analogy  in  the  following  manner: 
9    =  inclination  of  compression  diagonal 
&   =  inclination  of  stirrups 
s    =  horizontal  spacing  of  stirrups 

V  =   total   shear 

V  =    shear   assumed   to  be   carried    by   concrete 

c  * 

V  =    shear    assumed   to  be    carried    by    stirrups 
A        =   area    of   a    stirrup 

f        =    stress    in   a    stirrup 


For   a    condition    of    equilibrium, 

(1)    summation    of   vertical    forces    yields 


F       = 
c 


Av    fv    sing 
sin    9 
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and 

(2)  summation  of  horizontal  forces  yields 

AT  =  A   f   cos  a   +  F   cos  9 
v   v  c 

or 

At  =  a    f    cos  a    +a    f    sin  a    cos  I 

v   v  v   v         sin  9 

With  the  assumption  of  constant  shear, 
At  = 


Am      vs 


jd         jd 

The   result   of   equating  the   two   expressions    for      At    is: 
V    s 


A       = 
v 


jr        . j     (  r~i       .    sin  CL    r 

f    jd  (cos  a    +  ^nr) 


If  the   diagonal   crack    is    assumed    to  occur   at   the    inclination 
of    9    =    45    ,    then   the    expression    may   be    simplified: 

Av   = *-S (4) 

f       jd     (cos  a      +    sin  a      ) 

Since   the    uncracked    concrete    section   carries    a    portion   of 

the    shear,    V    is    replaced    by    V      =   V   -   V    .       With   the    aridi- 
ty -r        s  c- 

tional   definitions: 

A 

r    =   -=- ; — ^| (stirrup    ratio) 

bs    sin  CL  v 


K  =    (sin  &     +   cos  &    )    sin  CL      (stirrup   efficiency 

V 
s 
v      = 


s  bjd 
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Equation  4  may  be  rewritten  as: 

v    b  id 
s 
rbs  sin  Q.  = 


f   jd  (cos  a  +  sin  a  ) 
v 


or 

v   =  rKf  (5) 

s       v 

For  the  case  of  vertical  stirrups  (  &  =  90  )  ,  K  =  1,  and 
Equation  5  becomes 


v   =  r  f 
s       v 


For  purposes  of  design,  the  allowable  shear  stress  for  a 

cross-section  with  web  reinforcement  is  the  sum  of  the 

permissible  shear  stresses  in  the  concrete  and  the  steel, 

or  v  =  v   +  v  .   This  design  procedure  has  been  used  for  a 
c     s 

long  time  and  has  worked  well.   However,  it  does  not  provide  a 
rational   explanation  of  beam  behavior,  and  it  must  be  sub- 
jected to  certain  restrictions  to  insure  that  the  stirrups 
yield  before  failure. 

Discussion  of  Design  Philosophy 

In  the  foregoing  discussion  of  design  principles  it 

should  be  mentioned  that  the  loads  to  be  carried  by  a  member 

s 

are  considered  to  be  of  a  given  magnitude,  are  applied  in 
given  locations,  and  are  assumed  to  act  as  though  they  were 
applied  slowly.   However,  the  internal  loads  which  are  cal- 
culated for  a  statically  applied  load  are  not  representative 
of  the  internal  loads  which  would  exist  if  the  same  load  were 
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applied  dynamically.   Obvious ly,  the  momentum  of  the  load 
itself  will  produce  internal  loads  above  the  static  values. 
The  live  loads  on  a  bridge  are  dynamic  in  nature,  and  it  is 
therefore  necessary  to  account  for  the  dynamic  or  impact 
effects.   This  is  done  usually  by  increasing  the  live  load 
by  some  percentage  in  accordance  with  an  impact  factor, 
which  has  been  developed  through  experience. 

There  are  various  impact  formulas  which  are  expressed 
as  functions  of  the  length  of  the  member  being  designed,  but 
their  theoretical  foundations  are  somewhat  vague.   The  use 
of  impact  factors  has  produced  safe  designs  as  can  be  seen 
from  experience  although  the  impact  factors  may  not  have 
been  very  accurate  in  the  assessment  of  dynamic  loads. 

When  the  consideration  of  fatigue  is  relevant,  the 
maximum  and  minimum  load  carried  by  a  structural  member  must 
be  established  in  addition  to  the  number  of  load  repetitions 
to  which  that  member  will  be  subjected  during  its  service 
life.   For  the  case  of  a  rural  bridge  which  carries,  perhaps, 
one  truck  (maximum  design  loading)  per  hour,  115  years  will 
elapse  before  the  maximum  design  load  has  been  repeated  one 
million  times.   On  the  other  hand,  an  urban  expressway 
bridge  carrying,  for  example,  100  trucks  per  hour  will  be 
subjected  to  one  million  repetitions  in  only  1.15  years.   It 
can  be  seen  that  fatigue  stresses  would  be  of  lesser  impor- 
tance for  the  rural  bridge.   A  more  rational  design  of  bridges 
would  result  if  traffic  load  surveys  were  utilized. 
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Review  of  Literature 
There  have  been  several  comprehensive  reviews  written 
in  the  last  few  years  that  consider  the  shear  strength  of 
reinforced  concrete  beams  subjected  to  static  loads.   An  ex- 
cellent review  of  the  historical  development  was  written 
by  Dr.  Eivind  Hognestad  in  1951     .   This  review  was  updated 

by  the  Joint  ACI-ASCE  Committee  326  '    in  1962  and  by  the 

(9) 
MSCE  thesis  of  William  Harvey     in  1964.   It  would  seem 

that  it  is  unnecessary  to  undertake  such  a  review  of  this 

nature,  as  these  reviews  are  readily  available.   However,  it 

is  interesting  to  note  that  previous  studies  of  shear  strength 

in  reinforced  concrete  members  have  usually  been  accomplished 

using  static  loading. 

The  problem  of  fatigue  of  concrete,  particularly  in 

reinforced  concrete  members,  has  been  investigated  previously, 

but  the  scope  of  research  has  been  relatively  limited.   A 

comprehensive  historical  review  of  research  concerning  fatigue 

( 16) 
of  concrete  was  written  by  Nordby      in  195S.   Nordby  sub- 
divided the  research  into  six  categories  for  the  purpose  of 
discussion:   fatigue  in  compression,  fatigue  in  flexure, 
fatigue  in  tension,  fatigue  in  bond,  fatigue  in  reinforced 
concrete,  and  fatigue  in  prestressed  concrete.   It  was  noted 
that?  most  research  prior  to  1959  had  been  of  an  exploratory 
nature  and  provides  a  basis  for  further  investigation.   The 
ACI  Committee  215  published  an  excellent  bibliography  in 
1960     which  provides  a  summary  of  research  on  fatigue  of 
concrete  from  1898  to  1958. 
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Reinforced  concrete  members  can  fail  under  repeated 
loading  in  many  different  ways  just  as  under  static  loading. 
However,  identical  specimens  may  fail  differently  depending 
on  whether  they  have  been  subjected  to  static  or  repeated 
load.   As  a  result,  certain  modes  of  failure  are  more  vulner- 
able to  fatigue  damage,  and  the  relative  factor  of  safety 
of  a  concrete  structure  under  repeated  loading  will  differ 
from  static  loading,  which  is  the  primary  basis  for  current 
design  practice. 

For  a  beam  that  is  weaker  in  shear  than  in  flexure  and 
is  subjected  to  repeated  loading,  the  failure  mode  may  occur 
in  any  of  the  following  ways:   (l)  diagonal  cracking,  (2) 
destruction  of  the  compression  zone,  (3)  splitting  along  the 
longitudinal  reinforcement,  (4)  fatigue  of  the  reinforcement, 
and  (5)  bond  failure.   The  fatigue  strength  of  reinforced 
concrete  members  is  a  complex  subject.   The  mode  of  failure 
of  the  beam  being  considered  will  be  influenced  by  the  same 
factors  believed  to  affect  the  shear  strength  of  beams  sub- 
jected to  static  loads  (i.e.,  concrete  strength,  amount  of 
longitudinal  reinforcement,  amount  of  web  reinforcement,  and 
shear  span  to  deDth  ratio).   In  addition,  the  maximum  value 
of  the  repeated  load,  the  range  of  the  repeated  loading,  and 
the  rate  of  loading  will  all  affect  the  behavior  of  the 
member.   Generally,  a  beam  weak  in  shear  and  subjected  to  a 
repeated  load  will  crack  diagonally  with  the  crack  progressing 
toward  the  compression  zone  until  the  compression  zone  is 
destroyed . 
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(  6) 

In  a  study  by  Chang  and  Kesler     it  was  found  for 

beams  of  small  cross  section  (4  inches  x  6  inches)  which  were 
weak  in  shear  and  subjected  to  repeated  loading  that  if  a 
beam  did  not  crack  diagonally,  it  was  not  damaged  by  the  re- 
peated loading  so  far  as  the  initial  diagonal  tension  crack- 
ing load  was  concerned.   In  another  study  involving  similar 
beams  which  were  weak  in  flexure  and  subjected  to  repeated 
loading     it  was  found  that  the  magnitude  of  the  repeated 
load  determined  the  mode  of  failure.   Low  magnitude  loads 
generally  produced  fatigue  failures  in  the  reinforcement, 
while  high  magnitude  loads  resulted  in  shear  failures. 

Stelson  and  Cernica      have  suggested  that  shearing 
stresses  may  be  more  critical  than  compressive  stresses  in 
beams  subjected  to  repeated  loads.   In  their  study  of  eleven 
identical  beams  all  failed  in  diagonal  tension  even  though 
the  unit  shear  stress  at  design  load  (according  to  the  1956 

edition  of  the  ACI  Code)  was  only  82  percent  of  the  allowable 

(18) 

Fhear  stress.   It  was  found  in  a  study  by  Verna  and  Stelson 

that  the  fatigue  resistance  of  concrete  members  was  greater 
for  concrete  of   higher  strengths.   The  results  of  these  in- 
vestigations suggest  that  the  behavior  of  beams  which  are  weak 
with  respect  to  diagonal  tension  need  further  investigation. 
In  all  of  the  research  concerning  beams  that  were  weak  with 
respect  to  diagonal  tension  and  were  subjected  to  repeated 
loads  the  specimens  were  tested  as  simply  supported  members. 
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Investigations  which  have  been  recently  reported  by 

(1°) 
Magura  and  Hognestad      have  indicated  that  the  use  of 

repeated  loading  can  successfully  be  employed  in  the  labora- 
tory to  duplicate  the  loading  situation  as  found  in  the  field 
This  project  was  able  to  correlate  the  behavior  of  prestres- 
sed  concrete  bridge  girders  which  were  tested  in  the  labora- 
tory using  repeated  loads  with  the  behavior  of  identical 
girders  which  were  tested  in  the  AASHO  Road  Test. 

There  has  apparently  been  very  little  research  using 
repeated  loads  of  beams  that  are  weak,  with  respect  to 
diagonal  tension.   To  the  author's  knowledge,  there  have  not 
been  any  similar  tests  that  have  used  continuous  members. 
In  summary,  the  four  principal  modes  of  failure  which  have 
been  included  in  previous  investigations  are:   (l)  Diagonal 
tension,  (2)  Compression  of  the  concrete,  (3)  Bonding  of 
the  concrete  to  steel,  and  (4)  Brittle  failure  of  tensile 
steel.   Of  these  modes,  the  first  and  third  seem  to  be  most 
affected  when  repeated  loads  are  applied. 
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PURPOSE    OF    STUDY 

The  objective  of  this  study  was  to  observe  the  behavior 
of  beams  of  different  shear  span-to-depth  ratio  with  varying 
amounts  of  web  reinforcement  which  are  subjected  to  repeated 
loads.  The  magnitude  of  the  repeated  loads  was  varied  to 
determine  the  effect  on  the  failure  mode  of  the  specimens. 
These  observations  were  to  be  compared  with  tests  on  similar 
rectangular    specimens   which   had   been    loaded    statically. 
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TEST  SPECIMENS  AND  PROCEDURES 

All  specimens  were  simply-supported  with  one  overhang 
to  simulate  the  conditions  of  an  interior  support  of  a 
continuous  member.   A  load  (P..  )  was  applied  to  the  canti- 
lever portion,  and  a  second  load  (P->)  was  applied  to  the  beam 
between  the  supports.   These  two  loads  were  imposed. on  the 
beam  through  a  steel  I-section  which  rested  on  steel  rollers 
with  seats.   The  desired  ratio  of  P,  to  P_  and,  consequently, 
the  ratio  of  maximum  negative  moment  to  maximum  positive 
moment,  was  achieved  by  positioning  the  applied  load  on  the 
I-section.   The  loads,  the  shear  and  moment  diagrams,  and  the 
details  and  dimensions  of  the  specimens  may  be  found  in 
Figure  4  and  Table  1. 

All  beams  had  a  6  inch  by  13  inch  rectangular  cross 
section.   The  major  variables  were  the  length  of  the  shear 
span  "a,"  the  amount  of  web  reinforcement  within  the  shear 
span,  and  the  magnitude  of  the  repeated  load.   In  order  to 
restrict  failure  to  the  shear  span  "a,"  an  excessive  amount 
of  web  reinforcement  was  placed  in  the  cantilever  portion 
and  outside  of  the  load  P~.   The  longitudinal  reinforcement 
in  all  specimens  consisted  of  two  No.  6  bars  in  the  top  and 
two  No.  5  bars  in  the  bottom.   The  maximum  negative  moment, 
M  ,  was  maintained  at  1  1/2  and  2  times  the  maximum  positive 
moment,  M  . 
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a     Age 

Split 

E  x  106 

Lve   (Days) 

Tension 

h 

(psi) 

(psi) 

56 

- 

4.87 

14 

566 

4.70 

14 

422 

4.40 

14 

452 

4.58 

10 

469 

3.  32 

14 

483 

4.27 

28 

453 

4.47 

14 

482 

3.95 

14 

569 

4.15 

14 

480 

4.42 

21 

465 

4.  38 

21 

512 

4.  35 

29 

580 

5.22 

21 

560 

4.67 

21 

580 

4.77 

28 

545 

4.82 

1 

+5  bars. 
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Table    1.       Properties    of  Test    Specimens 


Beam 
Designat  ion 


Web  Reinforcement  r  rf  Concrete  Age  Split 

a/d      Size   and    Spacing         (A   /bs)        r_YY\      Compressive  (Days)         Tension 

Kp    1}  Strength  (psi) 

(psi) 


E  x  10' 
(psi) 


I  BF-1 
I  BF-2 
I  BF-3 
I  BF-4 
I  BF-5 
I  BF-6 

I  BF-7 

II  BF-1 
II  BF-2 

II  BF-3 

III  BF-1 
III  BF-2 
III  BF-^> 
II  BFR-1 
II  BFR-2 
II  BFR-3 


11.13"  2.42"  24"   2.16 


32"   2. 88 


32"   2.88   #4  Wire  @>  3-1/2"    .00381    87.6 


6750 
5488 
5088 
5825 
4000 
4870 
5425 
4400 
5580 
5260 
5050 
4860 
5630 
5460 
5390 
5780 


56 
14 
14 
14 
10 
14 
28 
14 
14 
14 
21 
21 
28 
21 
21 
28 


566 
422 
452 
468 
483 
453 
482 
569 
480 
465 
512 
580 
560 
580 
545 


4.87 
4.70 
4.40 
4.58 
3.32 
4.27 
4.47 
3.95 
4.15 
4.42 
4.  38 
4.  35 
5.22 
4.67 
4.77 
4.82 


All    specimens    have   as    longitudinal    reinforcement:    Top   -    2   #6   Bars    and    Bottom  -    2   #5   bars. 
The    percentage    of    longitudinal    reinforcement,     p,     is    0.01318   for   all    specimens. 


The   modulus    of    elasticity    for   the   concrete    is   the    Initial   Tangent   Modulus. 
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Materials 

Concrete  Mix 
All   concrete  was   made  with  Type    I   Portland   cement. 
The   concrete    strength  was    intended   to  be   maintained   at    5000 
psi   at   the   age   of    14   days,    but    varied    from  approximately 
4000   to   5800   psi.      The   minimum  age   of  the    specimens    at   the 
beginning  of   each   test    was    10   days,    with  most    specimens   being 
tested    at    either    14,     21,     or    28   days.       The    proportions    of   the 
mix   by    saturated-surface-dry  weight    were    1:2.9:3.73    (cement 
to   fine   aggregate  to   coarse   aggregate)    with  a    water-cement 
ratio    (w/c)    of    .548   by  weight    and   a    cement    factor   of   6.48 
sacks/yd    . 

Aggregates 
The    aggregates    used    were    purchased    from  Western    Indiana 
Aggregates   Corporation,    Lafayette.      The   coarse   aggregate   was 
a    natural    gravel    (Western    Indiana's    No.    8)    of    1    inch   maximum 
size.       In   the    laboratory    it   was    separated    into  two   sizes   to 
minimize    segregation    during   handling.       By   Fuller's   Maximum 
Density    Curve,     48    percent    of    No.    4   to    1/2    inch   was    combined 
with    52    percent   of    1/2   to    1    inch,    by   weight.      Average    proper- 
ties   of^  the    fine   and    coarse    aggregate   were   as    shown    below. 

* 

Sp.  Gr.          Absorption  Fineness 
Modulus 

Fine  2.83  1.26%  2.87 

Coarse  2.65  1.37%  1"    Max. 

Size 

* 

Based   on    saturated-surface-dry  weight. 


1. 

,4 

16. 

,6 

36. 

,8 

48. 

.0 

87. 

,8 

96. 

,6 
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Gradation  of  Fine  Aggregate 

Sieve  Size  Percent  Retained 

No.    4 

8 

16 

30 

50 

100 

Reinforcing   Steel 
The    longitudinal   reinforcing   steel   was   a    high   strength 
steel   with   the    average    properties    shown    in   Table    2.      The 
No.    5    and    No.    6    deformed    bars   were    rolled    from  the    same    heat 
The   properties    shown   are    for   coupons    selected   at    random.      A 
representative    stress-strain    curve    is    shown    in    Figure    43, 
Appendix  A.      The    deformations    met   the    requirements    of    ASTM- 
A305. 

Table    2.       Properties   of   Longitudinal   Reinforcement    Steel 

Yield    Stress  72.1    ksi 

Ultimate    Strength  113.3   ksi 
Modulus    of    Elasticity  30.0    x    10      ps i 

Elongation    in    8"  16.6% 

The  No.  2  plain  bars  used  for  stirrups  in  the  overhang 
and  the  18  inch  interior  span  were  of  hard  grade  steel  with 
an    average    yield    strength   of    52,000    psi. 
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Stirrups  in  the  critical  shear  span  "a"  were  made  of 
a  very  soft  No.  4  wire  (diameter  =  .224  inch)  which  was 
obtained  from  the  Continental  Steel  Corporation,  Kokomo, 
Indiana.   Several  coupons  were  randomly  selected  to  determine 
the  properties  shown  in  Table  3.   A  representative  stress- 
strain  curve  is  shown  in  Figure  44,  Appendix  A. 

Table  3.   Properties  of  Soft  Web  Reinforcement 

Yield  Stress  23.0  ksi 

Ultimate  Strength  43.7  ksi 

Modulus  of  Elasticity  27.2  x  10   psi 


Fabrication  and  Curing 

All  specimens  were  cast  in  3/4  inch  plywood  forms  which 
were  made  of  treated  plywood  to  prevent  deterioration  from 
the  repeated  wetting  and  drying.   The  forms  are  shown  par- 
tially assembled  in  Figure  5.   The  side  braces  were  made  of 
1  inch  by  1  inch  angle  iron  and  were  bolted  to  the  base  of 
the  forms.   Tie" rods  were  used  at  both  ends  to  hold  the  end 
bulkheads  in  place. 

The  reinforcement  was  wired  into  a  rigid  cage  with  the 
stirrups  being  wrapped  around  the  longitudinal  steel.   A 
minimum  of  1.4  inches  clear  between  the  longitudinal  bars 
was  maintained  by  wiring  the  bars  to  the  stirrups.   The  con- 
crete cover  was  a  minimum  of  1  1/2  inches  to  the  longitudinal 
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steel  in  all  locations.   The  cage  was  supported  by  rigid 
steel  chairs  to  provide  2  inches  clear  cover  on  the  bottom 
of  the  specimens.   The  lateral  position  of  the  cage  was 
maintained  by  using  wood  blocks  which  were  removed  as  the 
concrete  was  placed. 

The  concrete  was  mixed  in  a  stationary  rotating  drum 
mixer  with  a  maximum  capacity  of  eleven  cubic  feet.   The 
quantities  of  materials  were  weighed  before  mixing  was 
started.   Six  control  cylinders  (6  inches  by  12  inches) 
were  cast  with  each  specimen.   Internal  vibration  was  used 
in  the  placing  of  the  concrete. 

Several  hours  after  placement  of  the  concrete  the  top 
of  the  forms  and  the  cylinder  molds  were  covered  with  moist 
burlap.   A  sheet  of  plastic  was  then  placed  over  the  burlap. 
The  forms  were  removed  after  three  days,  and  the  specimens 
and  control  cylinders  were  stored  in  a  moist  curing  room 
until  two  days  before  they  were  tested. 

Instrumentation  and  Testing  Procedures 
An  Amsler  Hydraulic  Pulsator  was  used  to  actuate  a  re- 
mote hydraulic  jack.   The  jack  was  bolted  to  a  reinforced 
concrete  frame  which  W3S  post-tensioned  to  the  laboratory 
floor.   The  pulsator  produced  a  sinusoidally  varying  oil 
pressure  which  produced  a  load  at  the  jack  at  the  rate  of 
250  cycles  per  minute.   A  view  of  the  test  frame  and  details 
of  the  setup  may  be  found  in  Figures  6  and  7  respectively. 
The  pulsator  was  equipped  with  a  shutoff  device  which  was 
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actuated    by   a   drop    in    load    level   or   by   a    sudden    shock.      Thus, 
tests   could   be    run  without   continuous    surveillance.      Details 
of  the    reinforced   concrete    frame   may   be   found    in   Figure    45, 
Appendix   B. 

The    steel    strains   were   measured   with  the    use   of    foil 
type   electric    strain    gages    (Budd    Metalfilm  C6-141B).         Prior 
to   preparation   of  the    reinforcement   cage,    the   gages   were 
affixed   to  the   reinforcement    at    prepared    locations    using 
Eastman    910   adhesive.      The   gages   and   their    lead   wires   were 
waterproofed    with   an    epoxy    compound     (Budd   GW-7).       Strain    in 
the    longitudinal    reinforcement   was   measured    at   the   point    of 
maximum  moment.      Strains   were   also  measured    on   some    of   the 
stirrups    located   within   the    critical    shear    span.      The    actual 
location    of   each   of   the    gages    is    indicated    on   the    crack    pattern 
sheets. 

Comoressive   strains    in   the   concrete   were   measured    at 
3    1/2    inches    from  the    support.       Paperback    SR-4   wire    gages 
(Baldwin-Lima-Hamilton   Type   A-1-S6)    were    cemented    to  the    con- 
crete   surface    using  Duco  cement.      The    concrete    surface   had 
been    smoothed   with   an    emery    stone,    cleaned   with   acetone,    and 
sealed   with  Duco   cement    one   day   before   application   of   the 
gages . 

The    strain    signals    from  the    specimen   during   a    test    were 
comprised    of    a    static    component    and    a    dynamic   component.       In 
order  to  measure   the    strain    levels   without    interruption   of 
a    test,    a    Budd   Model   P-350   digital    read-out    strain    indicator 
was    used    in   conjunction   with   a   Tektronix  Model    515A 
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oscilloscope.   The  static  component  of  the  strain  signal  was 
assessed  with  the  indicator  while  the  dynamic  component  was 
read  from  the  calibrated  oscilloscope.   A  switching  and 
balancing  unit  was  employed  so  that  several  gages  could  be 
read  quickly. 

The  sides  of  each  beam  were  painted  white  with  a  mixture 
of  Plaster  of  Paris  and  water.   Grids  were  then  drawn  to 
facilitate  tracing  and  drawing  of  the  crack  pattern.   The 
crack  patterns  were  later  recorded  and  the  specimens  were 
phot  ogra  phed . 

Three  control  cylinders  were  tested  in  compression  for 
each  specimen  with  the  remainder  being  tested  in  split- 
tension.   Two  of  the  compression  cylinders  were  used  to 
determine  the  modulus  of  elasticity  of  the  concrete  with  the 
aid  of  a  ten  inch  extensometer  attached  to  the  cylinders. 

Once  the  concrete  cylinder  strength  was  known,  an 

estimate  Df  the  ultimate  strength  of  the  specimen  with 

(14) 

respect  to  shear  was  made  using  the  expressions  of  Moody     , 

( 15}  (2) 

Morrow         ' ,     and    the   ASCE-ACI   Joint    Committee    326v       .      A 

percentage    of   the    predicted    ultimate    load    was    then   taken    as 
the    maximum    load    to  be    repeated.       For   beams   without   web   rein- 
forcement    an    average    of  the    estimate    suggested   by   Moody   and 
Morrow  was    used    to   predict    the    ultimate    load.       For   beams 
with   web    reinforcement,    the    ultimate    load   was    taken    as    12 

per    cent    greater   than   the    ultimate    load    suggested   by  ASCE-ACI 

(9) 
Committee    326   since    similar    specimens   tested   by   Harvey 

indicated    a    slightly    greater    strength.       The    minimum   load   to 
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be  repeated  was  maintained  at  three  kips  to  prevent  impact 
on  the  s  pe c i me n . 

For  the  first  cycle  of  load,  the  specimen  was  loaded 
statically  in  increments  of  one  to  five  kips  to  the  maximum 
load  to  be  repeated.   After  each  increase  in  load,  the  crack 
penetration  was  traced  and  the  load  marked  on  the  beam.   The 
strains  were  also  read  at  this  time.   After  the  maximum  load 
had  been  reached  and  the  cracks  noted,  the  beam  was  unloaded, 
and  the  repeated  load  was  applied.   While  the  specimen  was 
being  subjected  to  the  repeated  load,  strain  readings  were 
taken  at  various  stages,  and    the  growth  of  cracks  was  noted. 
Most  of  the  specimens  tested  failed  during  the  application 
of  the  repeated  load.   However,  there  were  a  few  specimens 
which  exhibited  very  little  damage  caused  by  at  least  one 
million  cycles  of  load.   These  specimens  were  terminated  and 
loaded  statically  to  failure. 
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TEST  RESULTS 

The  pertinent  test  results  hsve  been  summarized  in 
Table  4.   Photographs  of  the  beams  after  testing  are  shown 
in  Figures  9  through  11.   Strain  measurements  for  the  first 
load  cycle  of  most  beams  are  presented  graphically  in  this 
section.   The  complete  strain  data  for  all  specimens  may  be 
found  in  tabular  form  in  Appendix  D.   Scale  drawings  of  the 
beams  which  show  the  crack  patterns  and  the  locations  of 
the  strain  gages  are  Included.   A  brief  description  of  each 
test  is  given  as  a  record  of  the  observed  behavior.   The 
loads  reported  are  total  applied  loads,  which,  do  not  include 
the  dead  weight  of  the  specimen  and  the  weight  of  the  loading 
apparatus.   Figure  15  is  a  pictorial  explanation  of  the  way 
in  which  the  soecimens  are  presented  on  the  crack  pattern 
sheets . 

The  occurrence  of  the  critical  diagonal  tension  crack 
in  beams  without  web  reinforcement  was  easily  determined  in 
most  situations.   However,  in  beams  with  web  reinforcement 
and  in  some  of  the  longer  specimens  the  formation  of  the 
diagonal  tension  crack  was  more  difficult  to  detect.   For 
this  reason  the  diagonal  cracking  load  is  herein  defined  as 
the  load  at  which  the  critical  diagonal  crack  was  observed 
to  cross  the  neutral  axis,  using  the  cracked-section  theory. 
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Ultimate 

Mode 

!  Of 

Shear 

Fai] 

.ure## 

Stress 

Remarks 

v  *** 

u 

(psi) 

297 

T 

/ 

s.c. 

169 

F 

/ 

D.T. 

223 

F 

/ 

s.c. 

309 

T 

/ 

D.T. 

215 

T 

/ 

D.T. 

358 

T 

/ 

D.T. 

166 

F 

/ 

F.R. 

154 

F 

/ 

D.T. 

144 

F 

/ 

D.T. 

204 

T 

/ 

D.T. 

118 

F 

/ 

F.R. 

99 

F 

/ 

F.R. 

178 

T 

/ 

D.T. 

193 

F 

/ 

F.R. 

165 

F 

/ 

F.R. 

223 

F 

/ 

F.R. 

apparatus .  ) 


ice    of    fatigue    failure, 
repeated    load • 
prcement . 
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Table  4.   Summary  of  Test  Results' 

Eeam 
Designat  ion 


Mode  of 
Failure## 


(psi) 


(psi) 


Remarks 


I  BF-1 

20.5 

7.0 

2°. 5 

9, 966, 600t# 

55.0 

57.1 

295 

297 

T 

/ 

s.c. 

I  BF-2 

32.5 

3.0 

50 

132, 000 

30.0 

72.5 

156 

168 

F 

/ 

D.T. 

I  BF-3 

43.0 

3.0 

70 

15, 100 

40.0 

43.0 

207 

223 

F 

/ 

s.c. 

I  BF-4 

27.0 

3.0 

40 

3,  500, OOOt 

56.2 

59.4 

292 

308 

T 

/ 

D.T. 

I  BF-5 

31.5 

3.0 

60 

868, 300t 

31.  3 

41.5 

161 

215 

T 

/ 

D.T. 

I  BF-6 

35.5 

3.0 

60 

2,038, 500t 

34.0 

69.  3 

176 

358 

T 

/ 

D.T. 

I  BF-7 

32.0 

3.0 

50 

2, 938, 000 

32.0 

32.0 

166 

166 

F 

/ 

F.R. 

II  BF-1 

33.0 

3.0 

70 

1,  500 

30.0 

33.0 

139 

154 

F 

/ 

D.T. 

II  BF-2 

31.0 

7.0 

60 

8,  800 

31.0 

71.0 

144 

144 

F 

/ 

D.T. 

II  BF-3 

25.0 

3.0 

50 

1,000, OOOt 

25.0 

44.0 

116 

204 

T 

/ 

D.T. 

III  BF-1 

32.0 

7.0 

70 

1, 290, 600 

71.5 

72.0 

116 

118 

F 

/ 

F.R. 

III  BF-2 

26.5 

3.0 

60 

7, «64, 400 

26.5 

26.5 

98 

98 

F 

/ 

F.R. 

III  BF-1 

37.0 

^.0 

90 

93, OOOt 

77.0 

48.0 

137 

179 

T 

/ 

D.T. 

II  BFR-1 

41.5 

3.0 

70 

1, 212, 600 

35.0 

41.  5 

162 

197 

F 

/ 

F.R. 

II  BFR-2 

35.5 

3.0 

60 

1, 846, 400 

35.0 

35.5 

162 

165 

F 

/ 

F.R. 

II  BFR-3 

49.0 

3.0 

90 

296,400 

37.0 

49.0 

149 

223 

F 

/ 

F.R. 

*  Predicted  ultimate  load 

**   Total  applied  load.   (Does  not  include  dead  weight  of  specimen  and  loading  apparatus.) 
***   Average  shearing  stress  v  =  V/bd ,  in  critical  shear  span. 

#  t  signifies  rests  in  which  repeated  load  was  terminated  before  the  occurrence  of  fatigue  failure. 
##   F  -  Fatigue  failure;  T  -  Tested  statically  to  failure  after  termination  of  repeated  load • 

D.T.  -  Diagonal  Tension;  S.C.  -  Shear  Compression;  F.R.  -  Fatigue  of  Reinforcement. 
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BEAM   IBF- 


BEAM  I  BF- 2 


BEAM  IBF-3 


FIGURE  8.       BEAMS  AFTER  TEST   -    SERIES  I  BF 
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BEAM    I  BF-  4 


BEAM    I  BF  -  5 


BEAM    I  BF  -  7 


FIGURE  9.         BEAMS   AFTER   TEST    -     SERIES  I  BF 
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BEAMS   HBF-3    8    TBF-6 


BEAM   H  BF- 


BEAM  I   BF-2 


FIGURE  10.    BEAMS    AFTER    TEST  -  SERIES  IBF  a  H  BF 
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BEAMS  HIBF-L   HE  BF-2,  HBF-3 


BEAMS   HBFR-I,IE  BFR-2  ,1T  BFR-3 


FIGURE  II.      BEAMS   AFTER  TEST-  SERIES  IEBF  S  3IBFR 
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The   depth   of  the   cracked    section    neutral   axis   was    nominally 
four    inches    from  the   compression    face. 

Series    I   BF 
The    major   variable    for    the    first    series    was    the    maximum 
amplitude    of   the    repeated    load.       The    maximum   repeated    load 
was   chosen    from  the    predicted    ultimate    load    for   each   speci- 
ment   and    ranged    from   nominally    30   to   70    percent    of    ultimate. 
The    specimens    were    7 '-9"    in    length   and    had    a    she^r    span-to- 
depth   ratio    (a/d)    of    2.16.      The    ratio   of    restraining   moment 
to    positive   moment    (M   /M_)    was    1.5    (see    Figure    4).      There 

was    no  web   reinforcement    in    the    critical    shear    span.       The 

(  9) 
corresponding   beam    in   Harvey's    report  is    Beam    13.       Load 

strain    relationships    for   the    first    cycle   may   be    found    in 

Figures    12    and    13. 

Beam    I    BF-1    (28.5%   Ultimate) 
This    specimen    was    not    loaded    statically    on   the    first 
cycle.       After    100,000    cycles    of    loading    three    flexural    cracks 
had    penetrated    to  a    depth    of    8    inches    from  the    compressive 
face.      The    maximum   steel    stress    in    the    longitudinal    rein- 
forcement  was    10,000    psi.       After    one   million    cycles    of 
loading  the    flexural    cracks    had    grown   to   a    depth   of    four 
inches    from  the    extreme    fiber    at   the    section    of    maximun  mom- 
ent.      There  was    also  the   appearance   of    flexural   cracks   out- 
side   of   the    critical    region.       The    maximum    steel    stress   had 
increased   to   20,000    psi.      For  the    remaining  applications   of 
load   there   was    no   additional   cracking.      The    maximum   steel 
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stress    increased    progressively   and   finally    indicated    yielding. 
However,    this    may   have   been   a    failure   of  the    strain    gage. 
After   almost    ten   million   cycles    of    load   the    repeated    load 
test    was    terminated.      The    specimen   was    then    tested    to    failure 
statically.       During  the    static    test    a    diagonal    crack   appeared 
in   the   critical    shear    span   and    penetrated   to  within    1    inch 
of   the    compression    face.      The    load    ws s    increased    to    57.1 
kips,    and    the    specimen    failed    in    shear-compression    with   a 
large    section    of   the    compression    zone    spalling    off. 

Beam    I   BF-2    (50%   Ultimate) 
Flexural   cracks    had.    penetrated    to   within    8    inches    of 
the    support    at    9,400    cycles.      These   cracks    increased    2    inches 
in    length   at    15,000    cycles    and    were    accompanied    by   a    diagonal 
tension    crack   which   extended    from  4    inches    to    12    inches    into 
the    shear    span.      The   diagonal    crack    grew    in    length  with    in- 
creasing   repetitions    until    it    extended    from  the    support    to 
the    load    point.      The  diagonal   tension   crack    increased    in 
width,    and    failure    occured    at    132,000    cycles.       The   maximum 

steel    strain    prior   to   failure   was    680    -    90   Mil    (19,030 

+ 

-    1500    psi).      The    expression   Mil   denotes    micro-inches    per 

inch   of    strain.      The    static    component    of    strain    for   this    case 

is    690   Mil   with   a    dynamic   variation    during   a    cycle    of    loading 

of    -    90   Mil.      Thus,    the   maximum   strain    indicated    is    720   Mil 

while    the    minimum    is    580   Mil. 
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Beam  I  BF-3  (70%  Ultimate) 
This  beam  (and  subsequent  specimens)  were  loaded  stat- 
ically to  the  maximum  amplitude  of  the  repeated  load  for  the 
first  cycle.   The  first  flexural  crack  appeared  at  P  =  10 
kips  and  penetrated  to  the  level  of  the  tension  steel.   After 
the  load  had  been  increased  to  25  ,  the  flexure  crack  had 
penetrated  to  within  2  1/2  inches  of  the  compression  face. 
The  steel  and  concrete  strains  were  still  linear  as  may  be 
seen  in  Figures  12  and  13.   Another  flexural  crack  opened  at 
9  inches  into  the  shear  span  and  inclined  toward  the  support 
at  25  ,  and  the  beginning  of  a  diagonal  crack  in  the  overhang 
was  noted.   With  increases  in  load  the  critical  diagonal 
crack  progressed  toward  the  support  and  into  the  shear  span.' 
At  a  load  of  43v,  the  diagonal  crack  was  19  inches  into  the 
shear  span.   The  maximum  steel  strain  W3s  1150  Mil  (32,500 
ps i ) ,  and  the  maximum  concrete  strain  was  840  Mil  (3600  psi). 
The  aoplication  of  repeated  loading  brought  additional  crack- 
ing immediately.   At  6500  cycles  the  diagonal  crack  had 
lengthened  to  the  vicinity  of  the  load  point.   There  was  also 
the  formation  of  a  second  diagonal  crack  from  just  outside  of 
the  shear  span  to  the  level  of  the  compression  steel.   A 
crack  from  near  the  support  and  along  the  compression  steel 
appeared  at  6500  cycles.   3y  9500  cycles  these  cracks  had 
joined.   The  beam  failed*  at  15,100  cycles  with  the  spalling 
of  two  large  pieces  of  concrete  which  were  bounded  by  the 
diagonal  crack. 
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Beam  I  BF-4  (40%  Ultimate) 
After  the  beam  had  been  loaded  to  26.5   on  the  first 
cycle,  there  were  three  flexural  cracks  in  the  maximum  moment 
region,  which  extended  to  within  8  inches  of  the  compression 
face.   After  1100  repetitions  one  of  the  original  flexure 
cracks  began  to  incline  toward  the  support.   At  48,000  cycles 
the  flexural  cracks  had  lengthened  and  penetrated  to  within 
3  inches  of  the  support.   There  were  also  two  flexural  cracks 
that  progressed  up  toward  the  interior  load  point.   However, 
after  77,500  cycles  no  additional  cracking  was  noticed.   The 
steel  strain  remained  relatively  constant  at  950  -  250  Mil 
(25,000  -  6500  psi)  for  the  duration  of  the  test,  and  the 
concrete  strains  were  consistent  at  °50  -  120  Nil  (1600  - 
550  psi).   The  repeated  load  was  removed  after  3.5  million 
repetitions.   In  the  static  retest  there  were  very  few  addi- 
tional cracks  until  the  appearance  of  a  critical  diagonal 
crack  at  56.2  .   The  diagonal  crack  extended  from  the  original 
flexural  crack  in  the  shear  span  to  the  interior  load  point. 
The  load  was  increased  to  59.4  ,  and  the  beam  failed  suddenly 
with  the  formation  of  a  second  diagonal  tension  crack  which 
occurred  at  trie  level  of  the  compression  steel  and  headed 
toward  the  load  point. 

s 

3eam    I    3F-5     (60%    Ultimate) 

The    first    flexural   cracks    were    similar   to  those    of 
"earns    I    3F-2,     3,    and    4.       At    a    load    of    31. 3k   on   the    first 
cycle   there   were    three    flexural    cracks    in   the   maximum  moment 
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region  which  had   penetrated   to  within   4    inches   of   the   com- 
pressive  face.      The   cracks    lengthened   and  were   within    1    inch 
of   the   support   after    50,000   cycles.      The   flexural   crack    in 
the    shear    span   began   to    increase   along  the  tension    steel   and 
extended    across   the    shear    span   by    700,000   cycles   to   form  the 
diagonal   crack.      During  this    process   there  were   very    little 
changes    in   the    steel   and   concrete    strain    levels   which  were 
520    -    260   Mil   and    216    -    150   Mil,     respectively.      After    815,500 
cycles   the   maximum   amplitude   was    increased   to   41.5    ,    and    a 
second   diagonal   crack   was    formed    along  the   compression    steel 
in   the  shear    span.      At    P17(600   cycles   the    maximum  amplitude 
was    reduced   to    34    .      The   concrete    strain   had    increased   to 
382    -    220   Mil   at    839,000   cycles   while    the    steel    strain    increased 
slightly   to    554    -    240   Mil.       Failure    occurred    at    868,300   cycles. 

Beam   I   BF-6    (60%   Ultimate) 
Flexural   cracks    in   the   vicinity    of   maximum  moment   and 
under  the    interior    load   point    had    penetrated   to  within   4 
inches    of   the   compression    face    under    a    static    load    of    35.5    . 
At    a    load    of    34      a    diagonal   crack   had    started   to   form    in   the 
critical    shear    span.      After    14,000   cycles   the   diagonal   crack 
extended    across   the    shear    span    on   the   south   side   of   the   beam. 
The    steel    strain   was    746    -    500   Mil   before   the    strain    gages 
failed    at    14,000   cycles.      The   concrete    strain    in   the   extreme 
fibers    reached    a    maximum  of    325    -    200   Mil   at   the   beginning 
of   the   repetitions    and   then   decreased   while   the   strain   at 
1  4.nch   from  the   extreme   fiber    showed   an    increase   during  the 
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test.   At  802,000  cycles  there  was  some  splitting  along  the 
tension  steel,  and  the  diagonal  tension  crack  had  penetrated 
to  within  1/2  inch  of  the  support.   There  were  no  noticeable 
changes  in  the  cracks  for  the  duration  of  the  test  which  was 
stopped  after  2,038,500  cycles.   The  beam  was  then  loaded 
statically  to  failure.   At  a  load  of  55   a  new  diagonal 
tension  crack  formed  in  the  shear  span  slightly  below  the 
original  crack.   An  additional  diagonal  crack  opened  beyond 
the  shear  span  when  the  load  was  increased  to  P  =  58  .   The 
beam  continued  to  take  additional  load  with  an  increase  in 
the  width  of  the  diagonal  crack  until  failure  at  P  =  69.3  . 

Beam  I  BF-7  (50%  Ultimate) 
There  were  two  flexural  cracks  that  penetrated  to  within 

3  inches  of  the  support  after  the  beam  had  been  loaded  to 

k  k 

30'  .   At  a  load  of  32   a  3  inch  flexural  crack  opened  at  a 

distance  of  14  inches  into  the  shear  span.   After  2000  cycles 
this  crack  inclined  toward  the  support  and  had  progressed 
to  an  inch  from  the  compressive  face.   The  diagonal  cracking 
was  accompanied  by  an  increase  in  the  concrete  strain  at  the 
extreme  fiber  from  360  -  240  MM I  to  425  -  240  Mil.   After 
57,800  repetitions  the  diagonal  crack  had  crossed  the  shear 
span.   There  were  also  two  flexural  cracks  under  the  interior 
load  point.   The  test  proceeded  with  some  additional  cracking 
over  the  support.   Failure  occurred  after  2,938,000  cycles 
with  brittle  fracture  of  both  longitudinal  bars  at  the  loca- 
tion where  they  were  crossed  by  the  diagonal  crack. 
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Cracks  during  first  cycle 
Cracks  during  repeated  load 
Cracks  opening  wide  at  failure 
Strain   gage 
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FIGURE  16. 
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FIGURE  17.  BEAM   XBF-2 
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FIGURE   18.  BEAM    IBF-3 


54 


5 

IS 

/-.. 

/         1                t 

ioooo 

<; 

o_ 1 

1                1 

Slid 

1 

L          \ 

>' 

l_ 

_i 

Foil   Gage  Locatfon 
ISo.6  Bar 


SR 


4  Gaqe  Local 
0';i",2"fro 


1 

1 

1 

1  >i 

1 

1 

1     r+n 

-■j 

'  OOO'Gh 

^  —  _ 

/--v   ' 

."* 

OOOOO 

j'i.A         ■      \     ■ 

v. 

^ 

,  ^  —  — 

--  .Yl 

ooo'Bi 

^ 

, 

0005^,? 

t 

7  ro*'" 

„6t>     ■ 

ix 

c«si~ 

V---1 

<r7. 

CZ-y 

/ 

i 

1     »*v 

s_ 

("i 

OOQ€ 

oflf'' 

H 

f-^ 

1 

~~7 

i 

*  oc  o'gi* 

„o° 

-Sl-^/ 

JX0Z 

\ 

\  "■■■■*••• 

»-_- 

|v-  -J*- 

. 

0 

gO^V 

1 

} 

V" 

co'soz 

■■-'.'^,7    "~^- 

hVJ} 

sv 

"-•>  i 

1 

L       l_l 1 

H-1 

NORTH  SIDE 


C3 


II it      is 


4^> 


-ak- 


-^ 


-f 


^ 


No. 2  at  «"- 


[- —  No.2  at  6" -J 


SOUTH     SIDE 


Foil   Gage  Locations: 

Mo.6  Bar    —    3  1/2"   from  support   (M) 

"    -      (S) 

"         "      -    16 (S) 

"     —    24 (N  ) 

SR  -  4  Gage   Locations: 

0'.'  l",2"from  bottom  (M  ) 
o''  "  ;s) 


FIGURE   19.  BEAM     I  BF  -  4 
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Series    II   BF 
The    specimens    of    this    series    were    8 '-4"    in    length   and 
had   a    shear    span-to-depth   ratio    (a/d)    of    2.88.      The    ratio   of 
the   restraining  moment   to   positive   moment    (M  /M    )    was    2.0. 
The   major  variable    for  this    series   was   the   maximum  amplitude 
of  the    repeated    load.      The    load-strain    relationships    are 
presented    in  Figures    23   and    24. 

Beam    II   BF-1    (70%  Ultimate) 
The    first    flexural   crack   appeared   at    a    load    of    10    .      At 
a    load    of    30    ,    there   were    four    flexural   cracks   over   the    sup- 
port   and   two   flexural   cracks    under  the    interior    load,    point. 
A   diagonal    crack    formed,    and    extended    from  within    3    inches    of 
the    support    to   the   middle   of    the    shear    span   on   the    north    side 
of   the   member.       As    the    load    was    increased    to    33      the   diagonal 
crack   appeared    on   the    south    side.      The    steel    strain    showed 
very    little    change    from    its    value   of    1174   Mil    (33,000    psi). 

The   concrete    strain   practically   doubled    from   380   Mil  to   7  24 

k  k 

Mil   as    the    load   was    increased    from   25      to    30    .       Upon   appli- 
cation   of   the    repeated    load    there   was    considerable    splitting 
along  the    longitudinal    reinforcement   with   failure   occurring 
after   only    1500    cycles   by   enlargement    of   the   diagonal   crack. 

s 

Beam  II  BF-2  (60%  Ultimate) 

The  crack  scheme  after  the  first  cycle  was  almost 

identical   to  that    of   Beam   II   BF-1.      After    2200    repetitions 

two   parallel   diagonal   cracks    appeared    in   the   center   of   the 

shear    span.      The   diagonal   crack  which  was    farther    into  the 
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shear  span  lengthened  to  the  support  and  along  the  longitud- 
inal steel  to  the  interior  load  point  to  produce  failure  at 
8S00  cycles. 

Beam  II  BF-3  (50%  Ultimate) 
The  original  cracking  pattern  was  similar  to  the  two 
previous  specimens  with  flexural  crack  penetration  to  within 
4  inches  of  the  compressive  face  over  the  support  after  the 
first  cycle  load  had  reached  25  .   There  was  also  a  small 
flexural  crack  at  15  inches  into  the  shear  span.   At  2500 
cycles  this  crack  had  inclined  and  lengthened  to  within  4 
inches  of  the  compressive  face.   After  60,000  cycles  the  crack 
was  1  1/2  inches  from  the  support.   The  strain  level  in  the 
steel  reached  a  maximum  of  9^2  -  400  Mil  (25,500  -  10,000 
psi)  at  463,000  cycles  before  failure  of  the  strain  gages. 
The  strain  in  the  extreme  surface  of  the  concrete  achieved 
a  maximum  average  value  of  750  -  250  Mil  around  one  million 
cycles  and  then  decreased  gradually  to  an  average  level  of 
540  -  220  Mil  at  three  million  cycles.   The  diagonal  crack 
extended  22  inches  from  the  support  when  the  repeated  load 
was  removed  after  three  million  cycles.   During  the  static 

loading  the  diagonal  crack  increased  in  width  when  the  load 

k  k 

was  increased  to  30  .   The  load  was  increased  to  44  ,  and  the 

diagonal  crack  opened  suddenly  producing  failure. 
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FIGURE  26.       BEAM    H  BF  -  I 
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FIGURE   27        BEAM    ITBF-2 
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FIGURE  28.      BEAM      IEBF-3 
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Series  III  BF 
The  shear  span-to-depth  ratio  (a/d)  for  this  series  was 
3.96.   The  length  of  the  specimens  was  9' -10",  and  the  ratio 
of  restraining  moment  to  positive  moment  (M./M  )  was  2.0. 
The  first  cycle  load-strain  relationships  are  shown  in  Fig- 
ures 29  and  30.   Three  specimens  were  tested  at  60%  of  their 
predicted  ultimate  strengths. 

Beam  III  BF-1  (70%  Ultimate) 
There  were  five  flexural  cracks  as  the  static  load 
reached  31.5  .   The  flexural  crack  in  the  middle  of  the  shear 
span  and  inclined  toward  the  support  because  of  diagonal 
tension.   A  second  diagonal  crack  opened  farther  into  the 
shear  span  at  3300  cycles.   The  average  concrete  strain  at 
the  compressive  face  increased  gradually  from  455  -  320  Mil 
at  the  start  of  repeated  loading  to  550  -  330  Mil  at  one 
million  cycles.   Increases  in  the  lengths  of  the  flexural 
cracks  were  noted  up  to  1,140,000  cycles.   The  specimen 
failed  after  1,290,600  repetitions  by  brittle  fracture  of 
the  reinforcement  at  the  location  of  a  flexural  crack. 

2eam  III  EF-2  (60%  Ultimate) 
Four  flexural  cracks  had  formed  over  the  support  at  a 
load  of  20   in  a  similar  manner  to  Beam  III  BF-1.   At 
P  =  26.5   on  the  first  loading  the  maximum  penetration  was 
to  within  4  inches  from  the  support,  and  the  flexural  crack 
in  the  overhang  headed  toward  the  support.   The  diagonal 
crack  in  the  shear  span  had  lengthened  slightly  after  1000 
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cycles  and  was  accompanied  by  several  additional  flexural 
cracks.   One  of  the  longitudinal  bars  indicated  a  progressive 
increase  in  strain  toward  yield  from  the  beginning  of  the 
repeated  load.   At  3,773,100  repetitions  the  diagonal  crack 
continued  toward  the  support,  and  splitting  along  the  tension 
steel  was  observed.   The  beam  failed  after  3,864,000  repeti- 
tions by  brittle  fracture  of  both  bars  near  a  flexural  crack. 

Beam  III  BF-3  (80%  Ultimate) 
The  specimen  cracked  during  the  first  cycle  in  a  simi- 
lar manner  to  the  first  two  beams  of  Series  III  BF.   At  800 
cycles  a  diagonal  crack  opened  in  the  shear  span.   The  strain 
levels  in  the  steel  and  concrete  showed  a  small  change  (100 
Mil)  during  the  repeated  load.   The  repeated  load  was  re- 
moved after  88,000  cycles  because  the  specimen  became  in- 
creasingly unstable  under  loading.   The  static  test  resulted 
in  a  widening  of  the  diagonal  crack  at  P  =  40   and  failure 
at  48  with  the  diagonal  crack  splitting  open  along  the  ten- 
sion steel. 
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FIGURE  32        BEAM    WBF-  ! 


Ki.: 


OOO'tt,! 


17 

5 4  3  2    16 


196,'t 


L— ^ 


^ 


18  19  20 


72 


~Z90,coc  *. 


.290, 


No.2    at    4" 


Foil    Gage  Locations: 

No.        Bars  —3    1/ 


SR-4    Gage  Locations: 

0"  l"  2"  from   bottor 
0" 


—  No  2  at  9 


1 

1 

1 

1 

1 

'■+•  - 

1 

1    r-h, 

\ 

x 

00)'£iL'ffx  /I 

\     _ 

^^. 

\ 

O<l0lk'>'N 

V" 

1      '  — 

/ 

S'^ 

K? 

/..<**> 

'f/i'e 

\ 

O08(/' 

oosi 

\ 

xCst! 

I 

i 

■v 

S"lV 

5' 

sir  j 

r~f^1 

<WcB 

,\ 

V?,<,z 

'"    "\ 

COO'if 

ooo 

E6,.....> 

UOVi  y 

oz     1 

oosi  "'We;/  \ 

-4    ">, 

<r^z  e*» 

rAP' 

|WCiisv   ; 

1_ 

_l 

H 

NORTH     SIDE 


I—1 

— 1 

)          ' 

I 

( 

' 

I            ' 

\           : 

( 

> 

( 

; 

tO              II               12              13              14              15               161 — 1 — 1         li 

19             20 

^9fy*^ 

t5,    I 

93,ooo 

<?/!    . 

Jl 

\       2toS 

/  z1 

7600   / 

! 

s 

P — ' 

^3 

H 

'J    : 

.*%> 

Vrrr 

/ 

r*# 

J- to 

-7BOO 

290,0"  -       1 

!      ^2S0, 

ooo 

21 

l 

^4 

a.5 

l 

2800>' 

\  -r 

S/"?O0O 

zts" 

~J 

zo 

/ 

<-10oO 

"MOOO 

Zfa^ 

N--i 

1              _ 

10 

oo/        /j        *■  ■-, 

-•^ ' 

1 

7  Coo  y/ J     V'3.^ 

) 

_ 

1 

1 

1                 1                 1 
Jo.2    at    4" 

L_LJ                                                                                                                                                                                                              1 

SOUTH      SIDE 

1 

—  No  2  at  9"     . 

H-1 

Foil    Gage  Locations: 

No.       Bars—    3    1/2"     from     support    (NSS) 


SR-4    Gage  Locations: 

0"  l"  2"  from   bottom      (N  ) 
0"  "  "  (S) 


FIGURE  33.      BEAM    HLBF-2 


Foil    Gage  Locations: 

No.  6  Bars  —3   1/ 


SR-4    Gage    Locations: 

0','  l"  2"    from    botl 
0" 


1 

1 

| 

1 

1 

'r+i    . 

1 

1    r+n 

\ 

^9tz 

— ■—  ^ 

J 

,_-»ss 

•..--^ 

r 

J 

szr 

OS 

-r«    ic 

^* 

^^-^^ 

-^ 

\ 

r 

* 

Oi\ 

J 

< 

S'V\ 

^i- 

"\ 

5«*- 

£ 

<n 

V     5t\, 

™ix 

Tt 

^- 

~--t4 

^"^.               1         *-  *~ 

~"~ 

OC*  >'S<>V 

1 

F=* 

SK"J5»„.. 

"fsi    ^ 

r 

/ 

\T 

St 

) ) 

000'9 

"""--» 

I                    " 

~~ 

>> 

^v^ 

l_ 

NORTH      SIDE 


( 

s 

4 

) 

J 

0 

1 

£ 

4 

5           e 

7 

3 

10              II 

12              13              14             15              IS  | — 

h 

i 

3 

19              20 

— 

— 

yfi 

.'300O 

■^3 

ili                 " 

/'" 

^<--~ 

wooo 

<oO,ODO 

_ 

--S- 

I 

--_T 

—   — 

'-< 

*' 

* 

40\J 

->to 

wA)  »o| 

v^ 

*-   ""V 

—  ^  " 

'~1- 

"""    ~" 

—  y 

fei.kjOCi 

_L 

25  ^ 

\ 

T 

*  -; 

Y 

5 

— 

V 

IS 

i»V) 

■J/ 

s 

l»\ 

&s      1 

50 

*tf     ** 

XlO 

/ 

-J - 

V 

■Sio^j 

J5 

s, 

^+ 

1    --• 

^ 

u  -  _ 

\ 

1                   1                  1 

No.  2    at   4"     . 

L+J      - 

SOUTH      SIDE 

—  No.2  at  9"-  — 

H-1 

Foil    Gage  Locations: 

No.  6  Bars  —     3   1/2"      from     support     (NBS) 


SR-4    Gage    Locations: 

0"  l"  2"    from    bottom        (N) 
0"  "  "  (S) 


FIGURE   34.       BEAM     HrBF-3 


74 


Series    II  BFR 
The    series    is    similar   to   Series    IIBF  with  the   exception 
that   web   reinforcement   was   provided    in   the   critical    shear 
span.      The    shear    span-to-depth   ratio    (a/d)    was    2.88   as    in 
Series     II  3F.  The  details   of  the  web   reinforcement   may  be 
found    in  Table    3.      The   beams    in   this    series   did    not    show  the 
same   vulnerability   to   failure  by  diagonal   tension   as   did 
the   companion    specimens   of    Series    II  3F. 

Beam   II   BFR-1    (70%   Ultimate) 
The   first    flexural   crack,   appeared   at    a    load   of    10    . 
When   the    first    cycle    load    reached    30    ,    there  were   three 
flexural    cracks    over   the    support   which   had    penetrated   to   4 
inches    from  the   extreme    surface.      At    P   =    30      a    diagonal 
crack    formed    in   the    overhang.      The    flexural   crack    in  the 
middle   of   the    shear    span   on   the    north   side   of   the    specimen 
developed    into  a    diagonal   crack   at    P   =    35    .      An    internal 
redistribution   of   stress   was    noted   at    P   =    30      as   the 
instrumented    stirrup   9    inches    from  the    centerline   of   the    sup- 
port   (Stirrup   a,    Figure  38)    began   to    indicate   tensile    strains, 

k 
As   the    load   was    increased   to   41.5    ,    a   second   diagonal   crack 

appeared   at   the   middle    of  the   shear    span.      The   steel    strain 

level   was    1750   Mil    (51,000    psi)     in   the    longitudinal   bars* 

the  maximum   stirrup   strain  was    619  Mil    (16,500   psi);    and 

the   average   concrete    strain    at   the   compressive    face   was    764 

Mil    (3500   psi).      After    3000   cycles   the   diagonal   cracks    had 

lengthened   to    3    inches    from  the    support.      The    instrumented 

stirrup   nearest   the   support    indicated   yielding   at    49,500 
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cycles.      However,    after    365,500    repetitions  the   behavior   of 
the  beam  was   unchanged.      Failure   occurred   at    1,212,600   cycles 
with  brittle    fracture   of   the    longitudinal   bars    5    inches    from 
the    support    centerline. 

Beam   II   BFR-2    (60%  Ultimate) 
This    specimen   behaved    similarly   to   Beam   II  BFR-1.      The 
diagonal   crack   occurred   at    P   =    35    .      The    strain   gages   on 
the    longitudinal    reinforcement    failed    after    24,500   cycles. 
At    1,390,000    repetitions    a    second   diagonal   crack    in  the 
shear    span   opened    28    inches    from  the    support.      At    1,570,000 
cycles    stirrup    (b)     (Figure    39)     indicated    yielding.      The    re- 
maining  instrumented    stirrups   were   no   longer   operable.      The 
beam  failed    after    1,782,000   cycles   by   brittle   fracture   of 
the    longitudinal    reinforcement    in   the    same    fashion   as   Beam 
II    BFR-1. 

Beam   II   BFR-3    (80%  Ultimate) 
There  were  two  diagonal    cracks    in   the    specimen   at    a 
load   of   P   =    37    .      This   was   evident    from  the    increasing 
strains    in   the    stirrups.       In   addition   there   were   character-     ■ 
istic    flexural   cracks   over   the   support.      After   40,000  cycles 
there  was   considerable   enlargement   of  the   diagonal   cracks. 
The   specimen    failed   by   brittle    fracture   of   the    longitudinal 
steel   after    296,400   cycles.      A  view  of   the    fractured   bars 
which  was   the   mode   of    failure   of   Beams    I   BF-7,    III   BF-1   and 
2,    and    all   beams    of   Series    II  BFR   may  be   seen    in   Figure   41, 
where   the   concrete   has   been    removed   to   reveal   the  bars. 


76 

A  summary  of  the  fatigue  lives  of  the  specimens  in  re- 
lation to  the  level  of  the  repeated  load  may  be  seen  in 
Figure  42. 
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FIGURE  38.       BEAM    IT  BFR  -  I 
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FIGURE  39.        BEAM   1EBFR-2 
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DISCUSSION    OF   TEST    RESULTS 


Modes   of   Failure 


The   beams   of   Series    I  BF    failed    either  by  diagonal  ten- 
sion  or    shear-compression.      However,    there   was    no  definite 
relationship  to    indicate  whether  the    failure  mode  would   be 
shear-compression   or   diagonal   tension.      With  the   exception 
of   the  two   specimens   tested   at    28.5%  and   40%  of  their   pre- 
dicted   ultimate    strengths,    the   diagonal   cracking   load   for 
the   beams   of   this    series   was    fairly   constant.      The   higher 
cracking  load   for   the   two  exceptions    is    probably   due   to   an 
increase    in   the   concrete    strength  with  time  as  they  were 
tested    statically   after   they   had   been    loaded    repeatedly.      The 
fatigue    life   of   a   member    increased   with  a    reduction   of  the 
magnitude   of  the   applied    load.      This   behavior    is    in   agreement 
with  the    results   of   other    investigators      '       '       '  .      The 

static   mode    of   failure    for   the    series   as    found    in   Harvey's 

(9) 
tests  was    shear-compression.       In    general,    the    results    of 

the   repeated    load   tests    suggest    a    trend   toward    failure  by 

diagonal   tension    for   similar   specimens. 

Series    II  BF   beams    all    failed  by   diagonal   tension. 

Again,    the   diagonal   cracking    load   was    nearly  the    same   for  the 

series.         The    static   mode   of    failure   was    shear-compression   as 

(9) 
indicated   by   Harvey         .      Thus,    there    is    also   a   change    in   the 
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failure   mode    for   beams   with   a    shear    span-to-depth   ratio   of 
2.98  when   the    loading    is    repeated. 

The   beams   of    Series    III  3F    failed   by    fatigue   of  the 
longitudinal    reinforcement   although   evidence   of  diagonal 
cracking  was    present.       In   comparison,    the    static   mode   of 
failure    for  beams   with  the    same   a/d    ratio   of    3.96  was   diagonal 
tension.       Once   again,    the  cracking   loads   were   consistent. 

Series    II   BFR   beams    failed    with   fatigue    of   the    longi- 
tudinal   reinforcement    as   was    found    in   Series    III   3F.      These 

(9) 
beams   were    similar   to   Beam    II   B-3    of   Harvey's    investigation 

which   failed   by    shear-compression.       In   comparison   to  beams 

of    Series    II   BF   which   had    no  web    reinforcement,    there   was    a 

greater   resitance   to   failure  with  the   addition   of   a    high 

percentage  of   stirrups. 

Factor s    Affecting  Beam  Behavior 
There   are    five   major    factors   which   affect   the    shear 
strength   of   reinforced    concrete   beams    subjected    to    fatigue 
loading:      concrete   strength;    percentage   of    longitudinal 
reinforcement;    the   amount   of  web   reinforcement;    the    shear 
spa  n-to-depth   ratio;    and    the    magnitude    of   the    repeated    load. 
It   was    intended   that   the   first   two   parameters   be   held    constant 
for  this    investigation.      However,    there  was    some    uninten- 
tional  variation    in   the   concrete    strengths.      The    shear    span- 
to-depth   ratio,    the  magnitude    of   the    repeated    loads,    and   the 
amount   of   web   reinforcement    were   the   major   variables. 


87 


Shear    Span-to-Depth  Ratio 
The    summary   of   test    results    in   Table    4    indicates    a 
decrease    in   average    shearing   stress   as   the   a/d    ratio    increases, 
The  beams   having   similar   concrete    strengths   and   the    same  ten- 
sion   steel    show  the    following: 


Series  a/d  Avg.       v      =   V/bd  Avg.       v      =   V/bd 

(psi) 
(At   diagonal   ten.  (At    failure) 


cracking) 


I  BF  2.16  206  243 

II  BF  2.98  133  167 

III  5F  3.96  117  131 
II  BFR  2.98  158  193 

* 

Avg.    of   all    beams    in    each   series. 

he   difference   between    Series    II    BF    and    Series    II   BFR 
in   the    average    shearing   stresses    can    be   attributed    to  the 
presence   of   the   web    reinforcement. 

The   effect   of  the   shear    span-to-depth   ratio    is   most 
apparent    in   the   mode   of    failure.      As   the   a/d    increases   the 
type   of    failure   changes    from  diagonal   tension   to   fatigue 
of   the    reinforcement   which    indicates    the    trend    toward    flex- 
ural   failure. 
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Percentage  of  Web  Reinforcement 
The  most  apparent  effect  produced  by  the  addition  of 
stirrups  was  the  change  of  the  failure  mode  from  diagonal 
tension  to  fatigue  of  the  reinforcement.   With  the  addition 
of  stirrups  the  diagonal  cracks  penetrated  deeper  into  the 
compression  zone  before  the  stirrups  yielded.   This  is  in 
agreement  with  the  static  tests  of  Wehr  z    and  Harvey 
The  presence  of  web  reinforcement  resulted  in  an  increase 
of  the  fatigue  life  of  the  member.   For  example,  Beam  II  BF-1 
failed  after  1500  cycles  while  its  companion,  Beam  II  BFR-1, 
had  a  life  of  1,212,600  cycles. 

Magnitude  of  Repeated  Load 
The  magnitude  of  the  repeated  load  had  the  expected 
effect  on  the  fatigue  life  of  the  specimens.   As  the  magni- 
tude was  increased,  the  life  decreased.   For  some  specimens 
the  diagonal  crack  appeared  during  the  static  first  cycle. 
With  the  exception  of  two  specimens  in  Series  I  BF ,  the 
diagonal  crack  appeared  after  a  few  hundred  cycles  of  loading 
for  those  specimens  where  it  had  not  appeared  on  the  first 
cycle. 
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ANALYSIS  OF  TEST  DATA 


Nominal  Shearing  Stress  at  Diagonal  Cracking 
The  Joint  ACI-ASCE  Committee  326   ;  presented  a  semi- 
empirical  formula  for  predicting  the  resistance  to  diagonal 
tension  cracking  which  was  mentioned  earlier.   The  equation 
read  : 

-  ^§>  1.9   Vf7"  +   25°0   E^ 
c    bd     *     v  c  M 


=  1.9   -y/f  '   +   2500   J~-  (3) 


This  equation  is  intended  to  predict  the  average  shearing 
stress  required  to  produce  diagonal  cracking  at  the  section 
under  consideration  and  is  actually  a  lower  limit  when  a/d 
is  not  too  large.   In  the  beams  tested,  the  critical  section 
was  one  effective  depth  (d)  from  the  support.   Hence,  V/M 
=  l/(a-d)  for  the  beams  of  this  investigation.   Using  the 
above  equation,  the  test  results  are  compared  in  Table  5. 
The  prediction  of  Equation  3  was  fairly  accurate  for 
most  of  the  beams  which  were  tested  with  repeated  loads. 
For  two  beams  where  the  equation  was  conservative  the  con- 
crete strength  was  likely  greater  at  the  time  of  cracking. 

Nominal  Shearing  Stress  at  U ltimate  Load 
A  comparison  of  the  measured  values  and  the  calculated 
values  for  ultimate  shearing  stress  is  given  in  Table  5. 
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For  members  with  web  reinforcement,  the  Joint  Committee  326 
recommended  the  following  formula  for  ultimate  shear  strength; 

V 
u 

u    bd     c     s 

In  this  equation,  v   is  the  portion  of  the  total  shear  assumed 

to  be  carried  by  the  stirrups,  as  given  by  the  truss  analogy. 

Thus,  v   =  K(A  _/bs )  f   ,  or  in  this  case  where  K  =  1,  v   =  rf 

s       v     vy  '   s      vy 

(vertical  stirrups).   Therefore, 


v   =  ~  =  1.9  VT7-  +   2500  ^r      +      rf         (6) 
u    bd        V  c  M        vy 


This  prediction  gave  reasonably  good  results  for  most  of  the 
specimens  although  it  was  unconservat ive  when  the  failure 
mode  was  fatigue  of  the  reinforcement  as  would  be  expected 
when  a  shear  failure  did  not  occur. 

In  Table  6  the  test  results  are  compared  to  the  current 

design  criteria  of  the  "Standard  Specifications  for  Highway 

(4) 
Bridges"    .   These  specifications  state  that  the  allowable 

shearing  stress  (v  )  for  beams  without  stirrups  is  0.03  f ' 
a  c 

with  a  maximum  limit  of  90  psi.   The  shear  stress  is  computed 
using  v   =  V/bjd.   For  beams  with  stirrups,  the  allowable 
shear  stress  is  given  by 


va  =  ~   =   90   +  rf  (7) 

a    b  jd  v 
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Table  6.   Comparison  of  Test  Strengths  with  AASHO  "Standard 
Specifications  for  Highway  Bridges"  ^' 


Beam 

Perce 

■nt  of 

** 

* 

Ultimate 
Load 

v   test 
u 

rf 

V 

V 

a 

v  test 

u 

Repeated 

(psi) 

(psi) 

(psi) 

V 

a 

I  BF-1 

28. 

5 

3  39 

90 

3.77 

I  BF-2 

50 

193 

- 

90 

2.14 

I  BF-3 

70 

255 

- 

90 

2.84 

I  BF-4 

40 

352 

- 

90 

3.91 

I  BF-5 

60 

246 

- 

90 

2.73 

I  BF-6 

60 

409 

- 

90 

4.54 

I  BF-7 

50 

189 

- 

90 

2.10 

II  BF-1 

70 

175 

90 

1.95 

II  BF-2 

60 

165 

- 

90 

1.83 

II  BF-3 

50 

233 

- 

90 

2.59 

III  BF-1 

70 

135 

90 

1.50 

III  BF-2 

60 

112 

- 

90 

1.25 

III  PF-^> 

80 

203 

- 

90 

2.25 

II  BFR-1 

70 

221 

43.  9 

134 

1.65 

II  BFR-2 

60 

189 

43.  9 

134 

1.41 

II  BFR-3 

80 

255 

4  3.9 

134 

1.91 

*• 


v   =  90  osi  for  beams  without  stirrups, 
a       -  ^ 

v   =  90  +  rf   for  beams  with  stirrups, 
a  v 


v   test  =  v  /bid  or  oractically  8  v  /7bd. 
a  u  J  x  \x 
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In    Equation   7,    f      is   the   working   stress   of  the   stirrup   steel, 
The    stirrup    steel    used    in    Series    II   BFR   was    a    soft    steel 
with  a    yield    point    of    23,000    psi?    thus,    a    working    stress    of 
11, 500   was    used. 

The    smaller    shear    span-to-depth   ratio  had   the    largest 
factor   of    safety   as   was    found    in    static   tests.      The    factor 
of   safety   decreased   as   the   a/d    ratio   increased.      The   magni- 
tude  of   the    repeated    load   appeared   to  have   a    random  effect 
on   the    factor   of    safety    for   the    specimens    of    Series    I   BF. 
The    results    of   the   other    series    indicated   that   the    safety 
factor   decreased   with  decreasing  magnitude   of   the   repeated 
load. 

Ultimate    Strength    in   Flexure 

The    occurrence   of    fatigue    failure    of   the    reinforcement 

in    several    specimens    suggest   the    influence   of    flexure.      By 

Whitney's    ultimate    strength   approach    (f      =    72,000   psi   and 

f '    =    5000    psi) , 
c 

A       f 

M      =   A      f    (d   -   a/2)      where   a    =      §=    V  v 

u  s      y  /  .85    f d 

J  c 


M   =  626,000  in-lbs.  (neglecting  the  compression 

steel) 


For  ultimate  crushing  adjacent  to  the  support  block, 
this  yields: 
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Beam                    Calculated   Flexure               Calculated  Test 
Nome nt Shear   Moment  Value 

I   BF-7  P    =    ■—§-  =    82.1    k  P   =    63.9   k  32    k 

7.61 

III   3F-1  P    =    rS~-  =    60.4    k  P    =    44.7    k  32    k 

JLO .  ja 

III    BF-2  P    =    60.4    k  P    =    43.8    k  26.5    k 


III   BF-3  P    =  60.4    k  P    =    46.3   k  37    k 

II  BFR-1  P    =  ~||  =  67.2    k  P    =    59   k  41.5  k 

II   BFR-2  P    =  67.2    k  P    =    59    k  35.5  k 

II   BFR-3  P    =  67.2    k  P    =    60    k  48.0  k 

As   can   be    seen    from  the   above   comparison,    the    ultimate 
loads    predicted   by    a    flexural    failure   are    not    substantially 
greater   than    the    ultimate    loads    predicted    by    shear    for   beams 
of   Series    III  BF    and    Series    II   SFR.      The    effect    of    strain    hard- 
ening  has    not    been    considered. 

Moment    at    Shear-Compression    Failure 
Earlier    studies         '       '        '  have    shown   that    the    load 

at    shear    failure    may   be   correlated    on   the   b^sis    of   the    failure 

(15)  (14) 

moment    at   the   critical    section.       Morrow  and   Moody 

have   each  developed   empirical   expressions   that    predict   the 
ultimate   moment    for   sections   weak    in    shear.      Since  the    recom- 
mendations  of   Joint   Committee    326   do   not    provide    for   addi- 
tional   strength   beyond   cracking  of   members  without   web   rein- 
forcement,   the   shear-moment    expressions   were    used   to   predict 
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the    ultimate    strength  of   the  members    in   this    investigation. 

(9) 
In   Harvey's    investigation  Morrow's   expression  was    found 

to   under-est imate   the    ultimate    load  while   Moody's    expression 
was   conservative.      An   average   of   the   estimates   of  Moody   and 
Morrow  was    used   as   the   basis    for   prediction   of    ultimate 
strength  as    it   provided   better   results    for   the   type   of 
specimen   being   investigated.      The   two   shear-compression    ex- 
pressions   and    sample    calculations    may   be    found    in    Appendix  C, 

Comparison   of    Static   and    Repeated    Loadings 

(9) 
Series    I  EF    beams    are    similar   to   Harvey's    Beam    IP-1 

The   static    failure   mode  was    shear-compression,    while   most 
of   the    specimens   tested   with   repeated    loading   failed   by   diag- 
onal  tension.       Harvey's    Beam    IIB-1   also    failed    by    shear- 
compression    although   companion   beams    of    Series    II   BF    failed 
by  diagonal   tension.       Beams    of    Series    II  BFR,    which  were 
essentially   the    same    as    the    statically    tested    Beam    IIB-3, 
all    failed   by    fatigue    of   the    reinforcement   while    Beam    IIB-3 
failed   by    shear-compression.      The    same  trend   was   evident    for 
the   beams   of    Series    III   BF   when   compared    to  the   diagonal   ten- 
sion   failure   of   Eeam   IIIB-1.      Thus,    the   static    failure   mode 
may   not    necessarily  be  the    same    under    repeated    loads. 
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SUMMARY  AND  CONCLUSIONS 

1.  The  beam  tests  reported  herein  indicate  three  general 
modes  of  failure  in  reinforced  concrete  beams  without 
web  reinforcement  which  are  weak  with  respect  to  shear 
and  are  subjected  to  repeated  loads: 

a.  A  "shear-compression"  failure  occurring  at  the  sec- 
tion of  maximum  moment  and  at  loads  greater  than  the 
load  at  which  the  diagonal  crack  first  penetrated  the 
compression  zone.   Failure  was  by  crushing  of  the 
reduced  compression  zone  adjacent  to  the  support. 

b.  A  "diagonal  tension"  failure  occurring  generally  at 
some  distance  away  from  the  support  at  a  load  equal 
to  or  slightly  greater  than  the  load  at  which  the 
critical  diagonal  tension  crack  formed.   Such  failure 
was  sudden,  occurring  with  little  warning. 

c.  A  "brittle  fracture  of  the  reinforcement"  occurring 
suddenly  and  accompanied  by  the  opening  of  an  existing 
diagonal  crack.   This  type  of  failure  occurred  at 
various  load  levels  and  after  a  considerable  number 

of  repetitions. 

2.  Beams  with  high  percentages  of  stirrups  cracked  diagonally 
but  failed  by  brittle  fracture  of  the  longitudinal 
reinforcement. 
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3.  When  the   magnitude   of  the    repeated    load   was    reduced,    the 
fatigue    life   of   the   member    increased. 

4.  The    semi-empirical   formula    for    shear    stress   at    diagonal 
cracking   presented   by  the   Joint    ACI-ASCE  Committee    326 
was    fairly   reliable    for   members   tested  with   repeated 
loads. 

5.  The  factor  of  safety  (ratio  of  ultimate  shear  stress  to 
allowable  shear  stress)  for  beams,  using  the  AASHO 
"Standard  Specifications  for  Highway  Bridges,"  (1965) 
ranged  from  4.54  for  the  smaller  a/d  ratio  down  to  1.25 
for  a  moderate  a/d  ratio  for  beams  tested  with  repeated 
loads. 

6.  The  shear  stress  at  failure  decreased  with  increasing 
a/d  ratio  under  repeated  loads  just  as  has  been  found 
with  static  loads. 

7.  The  presence  of  stirrups  was  found  to  greatly  increase 
the  resistance  to  failure  under  repeated  loads. 

8.  For  the  limited  number  of  specimens  tested  it  was  found 
that  the  failure  mode  for  repeated  loads  did  not  coin- 
cide with  the  failure  mode  for  static  loads. 
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APPENDIX  A 

Stress-St ra in    Properties   of   the   Reinforcement 
Several   coupons    of   the    steel    reinforcement   were    selected 
and   tested   to  determine   the    properties.      The   resultant    stress- 
strain    properties    of    an    average   test    of   the    longitudinal 
steel    are    shown    in    Figure    43.      The   average    stress-strain 
properties    of    the    soft    No.    4   wire   are    shown    in    Figure    44. 
The    yield    stress    herein    is    defined    as   the    upper   yield    point. 
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APPENDIX  B 

Descript  ion  of  Loading  Frame 
The  first  test  of  this  project  (I  BF-1)  was  conducted 
with  the  Amsler  hydraulic  jack  mounted  on  an  existing  steel 
frame  in  the  laboratory.   From  observations  during  the  first 
test  it  was  apparent  that  the  stability  of  the  loading  frame 
could  be  a  problem  in  subsequent  tests.   As  an  alternative, 
a  reinforced  concrete  frame  was  constructed  for  use  during 
the  remainder  of  the  testing  program. 

The  frame  was  designed  to  resist  an  upward  load  of  150 
kips  at  the  centerline  of  the  frame  using  the  working  stress 
design  criteria  of  the  AC  I  Code.   The  resulting  design  was 
intended  to  be  massive  in  order  to  improve  stability  character- 
istics.  The  steel  reinforcement  exceeded  the  requirements  of 
ASTM  A432  with  en  actual  yield  strength  of  65  ksi.   The  con- 
crete cylinder  strength  was  8310  psi  at  the  age  of  56  days 
although  it  had  been  assumed  as  5000  psi  for  the  design. 

The  frame  was  anchored  to  the  laboratory  floor  with  two 
Stressteel  bars  which  were  post-tensioned  to  a  load  of  50 
kips  each.   mhe  Stressteel  bars  were  1  1/8  inches  in  diameter 
and  were  threaded  3  inches  on  the  ends  to  be  received  by 
plugs  in  the  laboratory  floor.   The  other  ends  were  threaded 
with  8  inches  of  Acme  thread  to  facilitate  post-tensioning. 
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The   yield    strength  of   bars  was   assumed   to  be   70   per   cent   of 
the    ultimate    strength   of   153,800   psi.      Thus,    the    limiting 
load    for   each  bar    is    107.5   kips. 

The  details    of  the    loading   frame   may  be    seen    in   Figures 
45   and   46.      The    ultimate   capacity   of   the    frame    for   a    load 
acting    upward    is    limited   by  the   capacity   of  the    floor   plugs, 
which   is    100   kips    for   each   plug.      With  an    initial   post-ten- 
sion   load   of    50   kips    on   each  bar,    the   maximum  permissible 
load   acting   upward    at   the   centerline   of  the   frame    is    100   kips, 
The   ultimate    flexural   capacity   of   the  horizontal   cross- 
member    is    515    ft. -kips   which  corresponds   to  a    load    at   the 
frame   centerline    of   405   kips,    and   the   ultimate    shear   capacity 
is    225   kips.      The    permissible    load    for   the   frame   may   be    in- 
creased  by   decreasing  the   post-tens ioning   force,    but   will 
still   be    governed    by   the    load    limit    of  the   floor    plugs. 
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APPENDIX    C 

Sample   Calculations    for   Ultimate   Load   Prediction 
The    ultimate    load    of   a    specimen   without   web   reinforce- 
ment  was   estimated   as   the   average   of   the   values   predicted   by 

the    shear-moment    expressions   of   Moody  and   Morrow 

(9) 

For  similar  specimens  of  Harvey's  investigation    this  pro- 
cedure seemed  to  be  a  reasonable  estimate.   The  shear-moment 
criterion  is  very  similar  to  that  used  for  the  ultimate 
strength  in  pure  flexure.   The  effect  of  compression  steel 

has  been  neglected. 

(14) 
Moody      developed  the  following  expression  for  ulti- 
mate shear-moment  for  beams  without  stirrups: 


k.         pf 
M      =    pf    (1    -   £-j|-      JT£)bdZ  Ean.     (3a)    Ref.    14 

13        c 

f  ' 
where   k2    =    .42,    kjkg   =    1.121    -   0.0485   Yo§7J  Eqns.     (5a)    and 

(5b)    Ref.     14 


And 


f      = 

s 


M 
3   ^  -    0.45 


M 
3  Vd    +  °-55 


6.9   x    10~4    E       (-   1    +    -  '•>    -   -  150 


v  ^    s      1    3      c 

Eqn.     (6a)    Ref.    14. 
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Morrow     developed  the  similar  expressions: 


M      =    p    f    (1    -   r~-     —rr-)      bd" 
s        ^      s  k..k.,        f 

13  c 


k  800    +    f 

-    0.44,  k.k.,    = 


13  c 


1  /  4k   kf 

f       =i      E      K€  (-    1    +    -i/l  +         *    3   °       ) 

s         2         s  u  \/  p  E      Kf 

V  -        s  u 


4      ^       _    1.116    a/d    +    .174 
u 


10         K^         ~a/d    -    .372 


For   beams   with  web   reinforcement   the   recommendation   of 

(2) 
ACI-^SCE   Committee    326  was    increased    by    12    per   cent. 


V      =  v  bd   =    1.9      a/^~+    2  500    £r~   +    rf  (Eqn.    6) 

u  u  V     c  M  v  — i    .        / 


For   all   cases   the   calculated    load   was   based   on  the   mom- 
ent,   M    ,    developed    at  the    edge    of  the    support    block.        (See 


Figure    4)      Hence, 


Ave.    M 
Series    Is  Pf   =   — — ^ 


Ave.    M 
Series    II:  P^   = 


f    ~         9.32 


Ave.    M 
Series    III:  Pf   =   -j^-^ 
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Sample  Calculations 
For  Beam  II  3F-2 : 


f  =  5580  psi      p  =  .01318 


a/d  =  2. 


E   =  30  x  10   psi 
s 


Mood^  M/Vd    =    73109p3(n<13)       =       2.70 


_    3(2.7)     -    .45 
s    "    3(2.7)     +    .55 


6.9  x    10   *    (30   x    10    ) 


(-    1    +  -\/  1   + 


V 


1450 


(.0132)     30(10    )    /  .85      (5580 : 


f      =    .885 


["2.029   x    104    (3.22)1 


5580 


f      =    57,600    psi        ^3    =    1.121    -    .0485    ^g^   =    .850 


H      =     (.0132)     (57,600)     (1    -    4^      '  013g«.^7 '  6°° }  )     6(11. 13)2 


M      =    759    (.933)     (742.6) 


M      =    525,000    in. -lb. 
s  ' 


Morrow:         k,k 


800    +    5580 


13  70    +    5580 
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104K6   =  1,116  (2,88?  t    ,^4        g 
u       2.88  -  .872  •L-D 


f   =  1/2  (30  x  106)  (1.69  x  10  4) 


(-  L  +  -\/l  + 4U.13)  5580 


(.0132) (30  x  106)(1.69  x  10  4) 


f   =  2510  (-  1  +  19.55)  =  46,500  ps i 


s 


M   =  (.0132)  (46,500)  (1  -  .44  ■  °13JU^6'  5°0)  )  (742  .  6) 

S  jjoU 


M   =  613  (.952) (742.6)  =  434,000  in. -lb. 


Average  M   =  (525,000  +  434,000)72  =  479,500  in. -lb. 


P   _  479,  500 

Pf  "    9^2   "  51-5  kiPs 


%   of  P   =  60% 


Maximum  Applied  Load  =  .6(51.5)  =  31.0  kips, 


For  Beam  II  EFR-1: 


f  =  5460  psi 
c        ^ 


p   =  .01318 
r   =  .000381 


Ill 


M/Vd  =  2. 


f   =  23  ksi 
v 


1.9   V^^+  2500  L0132?(ll  13?(.310P) 
v  9. 32P 


140.2  +  12.2  =  152.4  ps i 


v   =  (.000331) (23,000)  =  87.6  psi 


v   =  v   +  v   =  240  psi 
u     c     s 


V   =  v  bd  =  240  (6)  (11.13)  =  16.1 
a     u 


P^  =  V  /.310  =  51.8 
f     u 


Applied  Load  =  1.12  (.70)  51.8  =  41.5 
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